Thermoresponsive Glycopolymers via Controlled Radical Polymerization (RAFT) for Biomolecular Recognition by Özyürek, Zeynep
  
 
 
Thermoresponsive Glycopolymers via Controlled 
Radical Polymerization (RAFT) for Biomolecular 
Recognition 
 
 
Dissertation 
 
zur Erlangung des akademischen Grades 
 
Doctor rerum naturalium 
(Dr. rer. nat) 
 
 
vorgelegt 
 
der Fakultät Mathematik und Naturwissenschaften der  
Technische Universität Dresden  
 
von 
 
M. Sc. Zeynep Özyürek 
 
geboren am 24.07.1980 in Istanbul, Türkei  
 
Gutachter:   Prof. Dr. Brigitte Voit 
   Prof. Dr. Axel H.E. Müller 
   Prof. Dr. Hans-Jürgen P. Adler 
Eingereicht am:    28.06.2007 
Tag der Verteidigung:   05.09.2007 
 
  
Thermoresponsive Glycopolymers via Controlled 
Radical Polymerization (RAFT) for Biomolecular 
Recognition 
 
 
Dissertation 
 
for the partial fulfillment of the requirements  
for the academic degree of  
 
Doctor rerum naturalium 
(Dr. rer. nat) 
 
 
submitted to 
 
Faculty of Mathematics and Natural Sciences 
Technical University Dresden  
 
by 
 
M. Sc. Zeynep Özyürek 
 
Born on 24.07.1980 in Istanbul, Turkey  
 
Referees:   Prof. Dr. Brigitte Voit 
   Prof. Dr. Axel H.E. Müller 
   Prof. Dr. Hans-Jürgen P. Adler 
Submitted on:      28.06.2007 
Date of defence:    05.09.2007 
 
 i
LIST OF SYMBOLS AND ABBREVIATIONS 
 
ACPA 4,4'-azobis(4-cyanopentanoic acid) 
AFM atomic force microscopy 
AIpGlc 3-O-Acryloyl-1,2:5,6-di-O-isopropylidene-α-D-glucofuranoside 
AIBN 2,2’-azobis(isobutyronitrile) 
ATRP atom transfer radical polymerization 
CIDB 2-Cyanoisopropyl dithiobenzoate 
CTA chain transfer agent 
∆ delta 
Ψ psi 
d doublet 
dd double doublet from doublet  
D2O deuterium oxide 
DCC  N,N’-dicyclohexylcarbodiimide 
DHU dicyclohexylurea 
DI deionized 
DMF N,N’-dimethylformamide 
DMSO dimethyl sulfoxide 
DLS dynamic light scattering    
 
ECR electron cyclation resonance 
FN fibronectin 
GPC gel permeation chromatography 
h  hour 
HPC hematopoietic stem cells 
HPLC high pressure liquid chromatography 
 
 ii
HUVEC Human Umbilical Vein Endothelial Cells 
MHz mega herz 
I initiator 
i.e. that is  
J coupling constant 
ka activation rate constant 
kd deactivation rate constant 
kp propagation rate constant 
kt termination rate constant 
LLS laser light scattering 
MAIpGlc 3-O-Methacryloyl-1,2:5,6-di-O-isopropylidene-α-D-glucofuranoside 
MAIpGlc5 3'-(1',2':5',6'-di-O-isopropylidene-α-D-glucofuranosyl)-6-
methacrylamido undecanoate  
ml millilitre 
M monomer 
Me methyl group 
mol mole 
mmole milimole 
mol-% mol percent 
Mn number average molecular weight 
Mw weight average molecular weight 
PDI (Mn/Mw) polydispersity 
nm  nanometre   
NMR  nuclear magnetic resonance spectroscopy 
PBS Phosphate buffer saline solution 
ppm parts per million 
 
 iii
PS      polystyrene 
R .      radical spice 
RAFT reversible addition-fragmentation chain transfer 
r.t. room temperature 
s singlet (NMR)  
STBGA S-(Thiobenzoyl)thioglycolic acid 
Teflon AF 2,2 bistrifluoromethyl-4,5-difluoro-1,3-dioxole and 
tetrafluoroethylene 
THF tetrahydrofuran 
UV ultraviolet 
XPS      X-ray photoelectron spectroscopy 
wt weight 
λ wavelength of light 
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1. Introduction and Objectives 
 
1.1. Introduction 
Research in the biomedical area is of high significance for the society and thus, also in the 
focus of many research groups worldwide. Especially the field of tissue engineering with new 
concepts for regenerative therapies is quickly expanding realizing the need for the creation of 
intelligent bioactive materials. Bioactive materials must be able to provide biologically active 
signals, which can induce and control cell adhesion, migration, proliferation, differentiation, 
or even apoptosis.  
Biological materials as well as synthetic polymers and hybrid materials have been also 
studied as active material in a biological environment by undergoing phase changes in situ 
inducing desirable biological interactions with their surroundings. In addition, bioactive 
materials have been developed in order to respond to changes in their environment, such as a 
change in temperature, pH or cell-associated enzymatic activity. In order to control better the 
interactions between the material and the biosystem, researchers focus presently on creating 
materials that can respond to the cellular environment around them which can be finally used 
to allow device integration, tissue regeneration and wound healing.1-4 
Many different approaches are described to improve bioactivity. As an example, critical 
signals can be incorporated into bioactive materials to mimic adhesion function, enhance 
migration or recognition of proper target. Many researchers such as Yamada,5 and Hubbell3 
have investigated the introduction of adhesive–promoting peptides into the surface of 
biomaterials. The most widely studied adhesion peptide is the tri-peptide sequence RGD to 
enhance surfaces and materials biologically activity. Additionally immobilization of DNA 
into bioactive materials provides an opportunity to control cellular response. These 
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biomaterials posses an additional degree of control in manipulating the cellular response 
during tissue repair and regeneration.6,7 
Another approach to create bioactive materials has been proposed by Kopecek. He focused on 
designing systems, which respond to enzymes which are present only in specific locations, in 
order to provide a drug release. In this approach, drugs are covalently linked to the system via 
an enzymatically degradable linker. Finally he developed drug delivery systems where the 
drug release occurs only in the presence of specific enzymes.8  
Hoffman and coworkers have developed a series of pH-sensitive polymers for use in 
intracellular drug delivery and gene therapy.9-11 Another method for the development of 
biologically active materials is the temperature-sensitive material transformation. Therefore, 
attention has been paid to the synthesis of bioactive materials that exhibit phase transitions in 
response to stimuli such as a change in temperature. Temperature-sensitive hydrogels have 
been developed based on poly N-isopropylacrylamide (PNIPAM) in combination with pH-
sensitive polymers such as poly (acrylic acid) (PAAc). Recently NIPAM-AAc graft 
copolymers have been developed which show a very rapid thermal responsiveness. These 
polymers undergo phase separation as a function of temperature as well as pH.12,13 Such 
materials can be used as reversible cell culture substrate on which cells can be cultivated as 
monolayer or multilayer, and after material formation, these cell layers can be released from 
the substrate in the form of intact sheets for subsequent transplantation.14  
In nature, the extracellular matrix (ECM) acts as an example of a natural affinity-based drug 
delivery system via heparin-binding growth factors interactions with the glycosaminoglycans 
present in the ECM. Fibroblast growth factors (FGFs) which are present in solution must be 
attracted with a heparin-like molecule in order to show its function, otherwise they are 
sequestered by the matrix and do not diffuse.15 Thus by imitating nature’s approach to drug 
delivery, affinity-based systems can be incorporated into biomaterials to provide biologically 
active materials. With respect to nature’s approach heparin-based drug delivery system can be 
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developed by incorporating heparin into biomaterials and using the affinity of heparin-binding 
growth factors to sequester them within biomaterials.16-18 
Many exciting studies have been done in the area of tissue engineering and bioactive 
polymers. Nevertheless designing materials which induce the correct bio-response is still 
highly challenging due to a multiplicity of factors influencing this response. Many of the 
described approaches are related to allow selectively cell adhesion of one cell type but not 
others, or to avoid the adhesion or permeation of certain classes or sizes of proteins.3  
Bioactive materials which are able to response to stimuli can also respond to biological 
activity around them, for example they release a drug or degrade according to a cellular 
stimulus. The ability of biomaterials to react on biological commands or changes in their 
environment is critical in the development of future “intelligent biomaterials”. All these 
studies contribute significantly to the field of tissue engineering and targeted drug delivery, 
but further studies are urgently needed. 
Thus, this work aims to develop thermo-responsive polymers which include glyco side chain 
in order to create heparin like structure to imitate its function in ECM. NIPAM is preferred as 
base monomer for the desired materials due to its transition temperature (Ttr) which is in the 
useful physiological range. 
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1.2. Aim of the work 
Stimuli-responsive polymers (SRP) have recently attracted a lot of attention, due to their 
potential and promising applications in many fields, such as absorbents for solvent 
extraction,19  protein-ligand recognition,20 on-off switches for modulated drug delivery21 or 
artificial organs22 and immobilization of enzyme.23 Among the family of temperature 
responding  hydrogels, poly(N-isopropylacrylamide) (PNIPAM) is one of the most widely 
studied.24,25,26 Glycopolymers, on the other hand, show a high potential as biocompatible and 
bioactive materials for application in tissue engineering and targeted drug delivery. Therefore, 
in this work it is thought that the combination of glycomonomers with NIPMA is a very 
promising approach to improve the biocompatibility of thermoresponsive PNIPAM polymers 
and even to induce biological activity due to unique properties of glycomonomers with regard 
to ECM interactions. This may lead to a targeted control of cell-polymer interactions with the 
option of an external control via a temperature stimulus and finally to the development of 
optimized intelligent biomaterials. 
However, it is well known that combining PNIPAM with hydrophilic or hydrophobic groups 
modulate the transition temperature (Ttr ). Therefore, one of the aims of this study is to clarify 
the effect of bioactive hydrophilic comonomers on Ttr of  PNIPAM by changing the polymer 
architecture especially from random to block like copolymer structures and by varying the 
comonomer composition. Monomers having pendant sugar units (glycomonomer) were 
chosen for this purpose due to their high biocompatibility and important biological activities. 
Temperature sensitive polymers having in addition sugar side groups, will be investigated 
with respect to their Ttr behaviour and also their bioactivity. Specific interaction of the 
glycopolymers with proteins, growth factors and cells will be dealt with in this context. This 
work intends also to contribute to a better understanding of   the specific interactions which 
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take place in ECM. Thus, the glycounits will be sulfated to create heparin-like structures in 
the thermoresponsive polymers. 
Therefore, this work will focus on the synthesis of glycomonomers and the preparation of 
block- and random- copolymers with NIPAM. For being able to prepare block like structures, 
with the RAFT process, a metal free controlled polymerization techniques has been selected 
that leads to products which might be used in biomedical applications. This allows to prepare 
materials with a narrow molecular weight distribution and with control over the chain end. 
Block copolymers will be prepared by using PNIPAM as a macro CTA for the glyco 
monomers..  
Great attention has to be paid to the Ttr because it can influence many properties since 
PNIPAM shows different thermodynamic behaviour above and below Ttr. Additionally 
special aggregation and even phase separation behavior has to be expected in the block 
copolymer which may have significant effects on the transition temperatures as well as on the 
behaviour in solution. Glyco block copolymers, which are prepared with a PNIPAM block, 
might form micellar like structures in water. Only above Ttr, PNIPAM blocks show a 
hydrophobic behaviour whereas sugar parts of glyco block copolymer always exhibit a 
hydrophilic behaviour. Therefore, one may expect different aggregation behaviour above and 
below Ttr with the chance to form stable micelles at higher glyco content. These kind of 
micelles based on thermo-responsive block and glyco block, might pioneer targeted drug 
release due to selective interaction of the glyco units in ECM.  
 Final experiments on immobilized polymer films with cells and proteins will allow to 
investigate the effect of the polymers on cell adhesion or protein adsorption allowing for some 
conclusions on the potential of these new materials in biomedical applications.   
The various steps to reach the described goals of this work can be summarized as follows: 
• Synthesis of acrylate and methacrylate protected glycomonomers with different 
chain length. 
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• Polymerization of NIPAM by reversible addition and fragmentation polymerization 
(RAFT) and its characterization by nuclear magnetic resonance (NMR) and UV/vis 
turbidimetry measurements. 
• Preparation of block- and random- copolymers with glycomonomers and NIPAM 
using controlled radical polymerization (RAFT) varying molar mass and 
composition 
• Deprotection of the pending sugar units to give well defined sugar carrying water-
soluble polymers and investigation Ttr of copolymers with respect to the 
glycomonomer ratio and copolymerization type. 
• Plasma immobilization of copolymers as thin film on Si wafer or glass substrate and 
determination of the temperature responsive behaviour in aqueous conditions by 
ellipsometry. 
• Sulfation of the glyco units on the polymer film surfaces aiming for negatively 
charged (heparin like) structures . 
• Investigation of cell affinity to the polymer surface comparing sulfated and non-
sulfated samples. Fibroblast growth factor (FGF) and protein adsorption behaviour 
depending on glycomonomer content and Ttr of polymer will be also studied as well 
as the effect of a charged surface on the cell adhesion behaviour. 
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2. Theoretical Part 
 
 
2.1. Stimuli Responsive Polymers for Biological 
Applications 
Response to stimulus is a basic process of living systems. Scientists have been designing 
important materials that respond to external stimuli such as temperature, pH, light, electric 
field, chemicals18,27-35 by imitating the nature. These responses result as dramatic changes in 
shape, surface characteristics, solubility, or a sol-gel transition. Recently, hydrogels, 
especially the temperature sensitive ones, have attracted attention due to their potential and 
promising applications in many fields. From a biological point of view, this is an essential 
property to achieve an immunotolerant surface and matrix (i.e., with respect to protein 
adsorption or cell adhesion). Because hydrogels can adsorb significant amount water, they  
possess a degree of flexibility very similar to natural tissue, which minimizes potential 
irritation to surrounding membranes and tissues.36 
Additionally beside all these advantage of responsive materials, hydrogels may provide 
desirable protection of drugs, peptides, and especially proteins from the potentially harsh 
environment.37,38 Finally, hydrogels can be excellent candidates as biocompatible materials. 
For these reason, they can be used as targetable carriers of bioactive agents, as bioadhesive 
systems, or as conjugates with desirable biological properties.39-41  
 
2.2. Hydrogels 
Hydrogels are insoluble, crosslinked polymeric network structures composed of hydrophilic 
homo or hetero copolymers, which absorb and retain large amounts of water while 
maintaining the structure42 In the polymeric network hydrophilic groups or domains are 
present  and can be hydrated in an aqueous environment, thereby creating the hydrogel 
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structure. Crosslinks have to be present to avoid dissolution of hydrophilic polymer chain into 
the aqueous phase. Hydrogels found widespread applications in different technological areas, 
i.e., as materials for contact lenses and for protein separation, matrices for cell-encapsulation 
and devices for the controlled release of drugs and proteins. In general hydrogels possess a 
good biocompatibility due to their significant water content, and hydrogels prevent also a 
degree of flexibility very similar to natural tissue. Its hydrophilic surface has a low interfacial 
free energy in contact with body fluids, which results in a low tendency for proteins and cells 
to adhere to these surfaces. Additionally, hydrogels containing “sensor” properties can 
undergo reversible volume phase transitions or gel-sol phase transitions upon only minute 
changes in the environment and are also called “intelligent” or “smart” hydrogels. Many 
physical and chemical stimuli have been applied to induce various responses of the smart 
hydrogel systems. The physical stimuli include temperature, electric fields, solvent 
composition, light , pressure, sound and magnetic fields, while the chemical or biochemical 
stimuli include pH, ions and specific molecular recognition events.37,38,43-48 
 
Figure 2.1.  General appearance of hydrogel 
 
As mentioned above, crosslinks have to be present in a hydrogel in order to prevent 
dissolution of the hydrophilic polymer chains in an aqueous environment. Both chemical and 
physical methods have been used to create crosslinking in gels. In chemically crosslinked  
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gels, covalent bonds are present between different polymer chains. These types of hydrogels 
are more stable than the physically cross-linked hydrogels because the cross-links are formed 
by covalent bonds. Chemically crosslinked gels are more often formed by polymerizing 
monomers in the presence of crosslinking agent. In physically crosslinked gels, dissolution is 
prevented by physical interaction, which exist between different polymer chains. The cross-
links in this class of hydrogels are due to non-covalent attractive forces between the polymer 
chains. These forces are usually hydrophobic interactioans, ionic interactions or hydrogen 
bonding. The physical hydrogels are usually degradable meaning they can easily go reversibly 
from a three-dimensionally stable structure to polymers solution.49  
 
2.3. Poly(N-isopropylacrylamide) 
Temperature sensitive hydrogels are probably the most common studied class of 
environmentally sensitive polymer system.34 Many polymers exhibit temperature responsive 
phase transitions. For example, polyacrylamides, poly(methyl vinyl ether), poly(N-
vinylcaprolactam), and poly(ethyleneoxide) display such behaviour. The most extensively 
used polymers in this field are polyacrylamides like poly(N-isopropyl acrylamide) (PNIPAM) 
(Figure 2.2). It has become one of the most popular example of a class of polymers that 
possess inverse solubility upon heating, a property opposite to the behaviour of most 
polymers in organic solvents under atmospheric pressure. Its molecular transition from a 
hydrophilic to a hydrophobic structure occurs rather abruptly at what is known as the lower 
critical solution temperature (LCST).24,50 PNIPAM exhibits LCST behaviour in water at ~ 
32°C which is close to the physiological range, thus, these polymers may be applied in the 
biomedical field as a stimulus-sensitive material.34 
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Figure 2.2. General structure of polyacrylamides. 
 
2.4. Solution properties of PNIPAM  
The LCST can be defined as the critical temperature at which a polymer solution undergoes 
phase transition from a soluble to an insoluble state when the temperature is raised. In the 
case of hydrogels, LCST represent the volume-phase transition temperature of 
swelling/deswelling process. PNIPAM gels swell (coil structure) at temperatures lower than 
32°C and collapse (globular structure) at temperatures higher than 32°C (Figure 2.3.). The 
LCST of PNIPAM can be modified by copolymerization with acrylic acid (AA), and alkyl 
methacrylates.27,51,52 However, when PNIPAM is modified with a second preformed 
network,27,30,53 the LCST remained almost constant. For this reason, researchers have given 
much attention to increase the PNIPAM transition (critical) temperature (Ttr) from 32°C to 
even closer to the physiological range by copolymerization.54 
 
 
 
 
 
 
R1:-H,-CH3   R2:-H,-Alkyl 
R3: -Alkyl,-Hydroxyalkyl 
 
PNIPAM: R1: -H 
    R2: -H 
   R3: -(i-Propyl)  
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N
O
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b) 
 
                                              
 
                                        coil                                                                       globule 
 
Figure 2.3.  Reversible change of temperature sensitive PNIPAM in solution upon heating 
(a), coil and globular structure of PNIPAM gel in solution (b). 
 
Many theories have been proposed to explain the LCST phenomenon in PNIPAM single 
chains and gels. Schild’s theory is of the most common one to explain LCST behavior. He 
proposed that ordering of solutes such as PNIPAM in aqueous solution results in specific 
hydrogen bonding with water molecules. This becomes especially important when water 
molecules must reorient around nonpolar regions of solutes, being unable to hydrogen bond 
formation with them. This is known as hydrophobic effect, and it results in decreased entropy 
upon mixing (negative ∆S). At higher temperatures, the entropy term dominates otherwise 
exothermic enthalpy of the hydrogen bonds formed between the polymer polar groups and 
∆T
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water molecules, that is the initial driving force for dissolution, becomes more important. 
Ones the free energy change (∆G) becomes positive upon mixing, the consequence is phase 
separation above LCST. If the concentration is high enough, then precipitation occurs.50 
There has been much debate on whether the hydrophobic effects or hydrogen bonding effects 
are dominant in the transition process. The earliest prediction of the PNIPAM behaviour was 
given by Hirotsu et.al.55 They incorporated the Flory- Huggins mixing term and ideal 
elasticity into the free energy expression. However, this theory could not predict the 
discontinuous transitions for non-ionic gels. In general, it is accepted that there is a delicate 
hydrophilic/hydrophobic balance (both hydrophobic interaction and hydrogen bonding are 
being considered) at the LCST of PNIPAM. At temperatures above the LCST, this balance is 
broken by the increased mobility of both PNIPAM chains and solvent, which leads to the 
collapse of the PNIPAM chains. 
 
2.5. Synthesize of PNIPAM  
PNIPAM based hydrogels have attracted much attention since their LCST in water is in the 
physiological interesting range and thus, these polymers may be applied in the biomedical 
field as a stimulus-sensitive material. PNIPAM has been synthesized by a variety of 
techniques. In the last decade three methods of controlled free radical polymerization have 
gained attention in the synthesize of well-defined polymers with controlled molecular weights 
and narrow molecular weight distributions. These methods include nitroxide-mediated 
polymerization (NMP), atom transfer radical polymerization (ATRP) and reversible addition 
fragmentation chain transfer (RAFT) polymerization. Nitroxides and N-alkoxyamines are 
used to deactivate the growing chain in NMP by reducing the concentration of the 
propagating radical chain end.56-63 Nevertheless, it has to be admitted that NMP is successful 
for making homopolymers and blockcopolymers based on styrene and its derivatives, but fails 
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mostly in other systems. ATRP is the most investigated controlled radical polymerization 
system due to its wide applicability. Matyjaszewski64 and Sawamoto65,66 are pioneers on 
ATRP. This method is based on a reversible transfer to a halogen atom between growing 
polymer chains and a redox-active transition metal catalyst.67-72 
 
 
Scheme 2.1. Mechanism of metal-catalyzed atom transfer radical polymerization (ATRP). 
 
The process occurs when a radical species generated from an organic halide (R-X, X= 
halogen) in the presence of metal catalyst attacks an unsaturated compound to form an adduct 
with a carbon halogen bond. The metal catalyst undergoes a reversible one electron redox 
reaction via abstraction of the halogen from the reactant R-X, followed by a one-electron 
reduction by release of the halogen back to the resulting radical species (R·). A number of 
monomer classes have been polymerized successfully by ATRP, including styrenes, acrylates, 
methacrylates and vinyl pyridine. The disadvantage of the ATRP process is its incompatibility 
with a variety of monomers, such as acidic or highly polar monomers, due to interaction with 
the catalyst and subsequent removal of the transition metal catalyst after polymerization. 
Recently researchers had success to synthesize PNIPAM by ATRP,73,74 and RAFT75-79 
method. 
 
 
Pn-X  +  Mn-Y/Ligand 
ka
kd
Pn 
.
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+M
Pn+m
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X,Y= Cl,Br,(I)
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2.6. Reversible Addition-Fragmentation Chain Transfer 
(RAFT) Polymerization 
The RAFT process is certainly the most widely used method so far for the controlled radical 
polymerization of PNIPAM. Since Rizzardo and coworkers80 first introduced the technique in 
1998, the number of papers and patents on the RAFT process has increased exponentially. 
The reason of that is its easy applicability; for example it can be used for a variety of 
monomer types, including (meth)acrylates, (meth)acrylic acids, acrylamides, vinyl acetate. 
Additionally, it has been successfully performed over a broad temperature range from 20 to 
150°C and in a broad range of solvents, including water and using different polymerization 
process (bulk, emulsion, suspension, etc.). These properties distinguish the RAFT 
polymerization from all other methods of controlled radical polymerization. 
 
2.7. Mechanism of RAFT 
Rizzardo first demonstrated that dithiocarbonyl compounds, with a weak carbon-sulfur bond, 
confer living characteristics to radical polymerization,81,82 which he termed RAFT 
polymerization. The technique employs dithiocarbonyl compounds in order to mediate the 
polymerization via a reversible chain transfer process. This leads to an equilibrium under 
which all the propagating chains grow proportionally with conversion. 
The mechanism of the RAFT process is believed to involve a series of reversible addition-
fragmentation steps as shown in Scheme 2.2. Addition of a propagating radical Pn· to the 
thiocarbonylthio compound 1 gives the adduct radical 2 which fragments to a polymeric 
thiocarbonylthio compound 3 and a new radical R·. The radical R· then reinitiates 
polymerization to give new propagating radicals Pm·. Subsequent addition-fragmentation 
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steps set up an equilibrium between the propagating radicals Pn· and Pm· and the dormant 
polymeric dithiocarbonyl compounds 3 and 4 by way of the intermediate radical 5. 
Equilibration of the growing chains gives rise to a narrow molecular weight distribution. 
Throughout the polymerization (and at the end) the vast majority of the polymer chains are 
end  capped by a thiocarbonylthio group (dormant chains), which can then undergo transfer 
itself, re-releasing the propagating radical.83 When the polymerization is complete (or 
stopped), most of chains retain the thiocarbonylthio end group and can be isolated as stable 
materials. 
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5.   Chain equilibration 
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 6.   Termination 
  
 
Scheme 2.2. Mechanism of RAFT process 
 
In RAFT polymerization, the deactivation-activation equilibria are chain-transfer reactions. 
Radicals are neither formed nor destroyed in these steps and keep on polymerization. Through 
this mechanism, chains convert from propagating radicals to polymeric transfer agents 
enabling the incremental growth of the chains with conversion.84 
 
2.8. Chain Transfer Agent for RAFT 
Rizzardo demonstrated that a wide range of dithiocarbonyl compounds can be applied as 
RAFT chain transfer agent (CTA). These include certain trithiocarbonates, dithioester, 
xanthates, dithiocarbamates and other compounds.85 The effectiveness of the RAFT agent 
depends on the monomer being polymerized and depends strongly on the properties of the 
free-radical leaving group R and the group Z which can be chosen to activate or deactivate the 
thicarbonyl double bond and modify the stability of the intermediate radicals.83,86,87  
The general structure of CTA’s is shown in Figure 2.4., Z is a group such as phenyl or methyl 
that governs the reactivity of the C=S moiety radical addition and R is a free-radical 
homolytic-leaving group that is capable of reinitiating the polymerization. 
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Figure 2.4. General structure of chain transfer agents used in RAFT polymerization 
 
The selection of the transfer agent is crucial for the synthesis of low polydispersity products. 
It does not only depend on the chain transfer constant but also on the structure of the transfer 
agent. The R moiety should be a good homolytic leaving group, and the formed R. radical 
should be able to reinitiate the polymerization. Its leaving group ability is determined by both 
steric and stability factors. The R group can be either of alkyl or aryl nature. The common 
leaving groups R used for the RAFT are –CH2Ph, -CH(CH3)Ph, -C(CH3)2Ph, -C(CH3)2(CN), -
C(Ph)COOH, -C(CH3)(CN)(CH2CH2CH2OH), and –C(CH3)(CN)(CH2CH2COOH). The 
leaving group ability of R increase with increasing stability and bulk of the radicals R.. The 
ability of R. to reinitiate polymerization will also depend on the nature of the monomers being 
used in RAFT polymerization. It has been shown that the most effective R groups in RAFT 
polymerization of styrene and methacrylates are cyanoalkyl and benzyl derivatives, whereas 
benzyl derivatives are less effective in vinyl acetate polymerization due to slow initiation 
which might result in retardation of the polymerization. For this reason, cyanoalkyl 
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derivatives and their corresponding esters are the R moieties of choice in vinyl acetate 
polymerization.88 
The Z group should activate the C=S double bond toward radical addition in order to ensure a 
higher transfer constant. The rate of addition of the radicals to the C=S double bond is 
strongly influenced by the constituent Z. The Z moiety usually includes alkyl, aryl, or 
heterocyclic groups. In the polymerization of (meth)acrylates and styrenes, dithiocarbamate 
chain transfer agent with conjugating or electron-withdrawing groups at the nitrogen atom are 
much more effective than dithiocarbamates with simple alkyl substituents. Consequently, the 
preferred Z groups are aromatic azacycles, such as pyrroles or imidazole, or cyclic amides, 
such as lactams, imides or phthalimides. The reason for the higher effectiveness of the above 
mentioned chain transfer agents seems to be correlated with the higher activity of the C=S 
double bond towards radical addition. This, in turn, is attributed to the conjugating or electron 
withdrawing substituents that provide greater  double bond character upon the C=S double 
bond.89-91 
With an appropriate choice of CTA a wide range of polymers of predetermined molecular 
weight and a narrow polydispersity can be prepared80,92-94. The versatility and convenience of 
this process offers distinct advantages over other forms of living radical polymerization. Of  
course, not all the chain transfer agents are suitable for every circumstances, and each new 
system must be optimized to reduced side reactions and maximize the living character of the 
process.  
A variety of side reactions which complicates the RAFT mechanism can potentially take 
place during polymerization.95 Basically this depends on the particular RAFT agent/monomer 
combination and the reaction conditions. Retardation can be observed in RAFT 
polymerizations when high concentration of RAFT agent was used. It has been also suggested 
that there is a significant retardation due to chain-length-dependent termination in RAFT 
mediated polymerizations. Furthermore for some RAFT agents there are multiple pathways 
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for β-scission involving cleavage of a bond within the “Z”-group.96,97 Therefore optimum 
conditions have to be investigated in order to have a good control on chain growth. 
 
2.9. Carbohydrates (Saccharides) 
Emil Fisher pioneered the studies with carbohydrates in the late nineteenth century. Haworth 
and colleagues offered the ring structure of carbohydrates  in 1930. Furthermore after having 
a better idea about the structure of this new category of molecules, scientist focused on the 
functions of these ubiquitous polymer. Due to its unique properties, polysaccharides play a 
very important role in a very wide range of biological functions from acting as natural energy 
source (starch and glycogen), to provide structural materials (cellulose, chitin, collogen, and 
proteoglycans) (Figure 2.5.). Today, carbohydrates are well known to play a critical role in a 
variety of biological function. Therefore researchers are putting a lot of attention in the 
elucidation the details of the specific interaction between carbohydrates which are responsible 
for some vital processes.98 
 
 
 
 
 
 
           D- Glucose                        α- D-Glucopyranose                                    cellulose 
 
Figure 2.5. Ring (chair) and open chain (Haworth projection) form of glucose and chemical 
structure of cellulose. 
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In the following part the importance of sugar in tissue engineering and their cell surface 
interactions will be discussed. 
 
2.10. Carbohydrates in tissue engineering 
Carbohydrates are involved in various biological functions in living systems. Due to their 
biocompatible and biodegradable properties, carbohydrate-based materials have been widely 
investigated for pharmaceutical and medical applications.99 Carbohydrates display on the cell 
surface plays critical roles in cell-cell recognition, adhesion and signalling between cells.100 
Disney and Seeberger101 emphasized the importance of carbohydrates in different processes; 
neural cells use carbohydrates to facilitate development and regeneration,102 cancer cell 
progression is often characterized by increased carbohydrate-dependent cell adhesion and the 
enhanced display of carbohydrates on the cell surface,103 viruses recognize carbohydrates to 
gain entry into host cells,104 and bacteria bind to carbohydrates for host cell adhesion.105 
Moreover, heparin, a natural polyanion composed of repeating disacharide units, is the first 
polysaccharide applied in medicine and plays an important role in blood coagulation.106 
Additionally new materials are being created by the scientist for tissue engineering, drug 
delivery, or wound healing by using the advantages of carbohydrates.107 Alginate and chitosan 
are widely utilized to procedure useful materials108,109 in this area. The importance of 
carbohydrate in cell interaction has been emphasized in many reports. It is now well 
appreciated that carbohydrates are not merely space filling matrices between proteins of the 
cell membrane but act to transmit information in a plethora of biological processes.110-113 
Therefore many researchers are trying to clarify the role of carbohydrates in cell recognition 
process and they put a lot of attention to imitate its interaction with cell surface receptors.112 
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2.11. Extracellular Matrix-Cell Interaction 
The extracellular matrix (ECM) is a complex structure supporting cells, which are found in 
mammalian tissues. Generally the ECM is known as the connective tissue, which is composed 
of various glycoproteins, proteoglycans and hyaluronic acid. The major types of molecules 
are fibrous proteins, such as collagens, elastin, fibrillin, fibronectin, laminin, and hydrophilic 
heteropolysaccharides; such as glycoseaminoglycan. These components are in many cases 
secreted by cells. Interactions of cells with ECM components play a crucial role during cell 
adhesion/de-adhesion, migration, proliferation, and differentiation. Most of the cells cannot 
survive unless they are anchored to the ECM. This cell-ECM adhesion is regulated by specific 
cell surface transmembrane glycoproteins called integrins. Regarding all this information it 
can be stated that biological cell activity is regulated by its protein or glycosaminoglycans. 
Here we will only emphasize the role of sugar components regarding to the aim of the study. 
For that purpose, details of the molecular interactions on cell surface are outlined. 
 
2.12. Heparin 
Heparin is a sulfated polysaccharide, which belongs to the family of glycosaminoglycans. It 
possesses many important biological activities, associated with its interaction with different 
proteins. Heparin also has been widely used as an anticoagulant drug, its structure-activity 
relationship is still poorly understood despite its widespread medical use. Heparin and 
heparan sulfate (HS) are complex linear polymers including mixture of chains of different 
length having variable sequence106. Heparan sulfate is structurally similar to heparin but it 
posses less sulfo groups than heparin and has a more varied structure. HS generally contains 
only about one sulfo group per disaccharide.  
Glycosaminoglycans (GAGs) are negatively charged polysaccharides composed of 
disaccharides repeating units. They are normally found as proteoglycans (PGs) composed of 
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one or more polysaccharide chains attached to core protein.114 They have been distributed on 
the surface of animal cells and in the ECM. HSPGs can link to the plasma membrane and can 
interact with the cell by non-covalent linkage to different cell-surface macromolecules. 
 
 
 
 
 
 
 
 
Figure 2.6. Disaccharide repeating units in heparin 
 
Additionally, interaction of free sulfated GAGs or soluble HSPGs with the cell surface can 
lead to intracellular signalling and modulation of gene expression.115 Heparin, heparan sulfate, 
and heparin-like glycosaminoglycans (HLGAGs) serve important biological functions by 
binding to different growth factors like basic fibroblast growth factor (bFGF) and vascular 
endothelial growth factor (VEGF) to promote their endothelial capillary network initiation 
(angiogenesis). To determine the proangiogenic effect natural saccharides and  synthetic 
oligosaccharides have been widely studied.116 
 
2.13. Heparin-FGF-FGFR complex on cell surface 
FGFs are the members of the proteins which are responsible for the developmental and 
physiological processes comprising cell proliferation, differentiation, morphogenesis, and 
angiogenesis.117 They are a family of heparin-binding growth factors and exert their pro-
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angiogenic activity by interacting with various endothelial cell surface receptors called 
fibroblast growth factor receptors (FGFRs).118 FGFs signalling are involved in a wide range 
of important biological activities with different effects in various cell types. The activity of 
FGF is modulated by heparin/heparan sulfate-like glycosaminoglycans (HSGAGs), found 
both in the extracellular matrix and on the cell surface. HSGAGs affect FGF signalling by 
interacting with both the growth factors and the FGFRs. The FGFRs are transmembrane 
tyrosine kinase receptors and they are also heparin binding proteins,119 thus these three 
compound FGF, FGFR and heparan sulfate must interact simultaneously to initiate signal 
transduction.120 Cell membrane heparan sulfate binds to many FGFs to promote FGFR 
dimerization and signal transduction. The short pathway of this mechanism is shown in Figure 2.7. 
  
 
 
 
 
 
 
 
 
 
 
Figure 2.7. Biological consequence of FGF/HSPG interaction. (A) FGF bound to free 
heparin/HSPGs is sequestered in the extracellular environment. (B) FGF binds to HSPGs of 
the endothelial cell surface, increasing its concentration in the microenvironment. (C) HSPGs 
promote FGF oligomerization that, in turn, triggers FGFRs dimerization and signal 
transduction (D) that can be activated also by direct FGF/HSPGs interaction (E). (F) HSPGs 
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mediate cell internalization of FGF and, possibly, its nuclear delivery (G). (H) HSPGs of the 
ECM can present FGF to endothelial cell integrins to mediate substrate-adhesion. 
High-resolution X-ray crystal structures of these ternary complexes of FGF, FGFR, and a 
heparin oligosaccharide point out the stoichiometry and structural aspect of this interaction. In 
the structure FGF2 bind to the FGFR1,121 two binary FGF2-FGFR1 complex interact via 
receptor chains. This interaction results in a deep, positively cavity to present a binding side 
of heparin/HS and implies a 2:2:1 FGF-FGFR-heparin complex.122 Heparin stabilises the 
FGF-FGFR binary complex via several interaction both with ligand and receptor and further 
provide receptor dimerization by means of additional interactions across the cavity with a 
second receptor.123 
 
 
 
 
 
 
 
 
 
 
Figure 2.8.  Structure of FGF-FGFR-heparin complex. The FGFR is shown as a gold and the 
FGF as a green ribbon. The heparin oligosaccharides are shown as space-filling models with 
sulfur (yellow), oxygen (red) and nitrogen atoms (blue). 
 
It has been mentioned that pro-angiogenic activity of FGFs is modulated by HSPGs via 
forming a ternary complex on the cell surface.124,125 However, it is important to mention here 
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that the binding of the same growth factor to different HSPGs may have different biological 
consequence depending on the character of HS.124-126 Many studies have been done to identify 
the heparin effect on the angiogenesis. The effects of heparin are different depending on the 
size of the polysaccharide chain and on the degree and distribution of sulfated groups. It has 
been suggested that the 2-O-, 6-O- and N-sulfate units within heparin plays an important role 
for reaching optimal interaction 127-130.  
Various studies have been done to understand the effect of heparin on the ternary complex on 
the cell surface and researchers exhibit different results. Yayon et al.125 reported that HS-
deficient CHO cells transfected with FGFR-1 do not bind FGF2 unless heparin or HS are 
added to the cell culture medium. In contrast Roghani et al.131 exhibit that  FGFRs expresses 
in CHO cell mutants or myeloid cells which retain the capacity to bind FGF2 also in the 
absence of heparin. On the other hand Ornitz et al.132 suggested that heparin is absolutely 
required for cell-free binding of FGFR-1, whereas Roghani et al. reported that heparin is not 
necessary for the binding of FGF2 to soluble FGFR. Beside this it is also suggested that low 
molecular weight heparin, heparin derivatives or anionic molecules reduce the angiogenetic 
activity of FGF2 and VEGF by blocking FGF interaction with cell surface HSPGs. So far, the 
interaction of growth factors with heparin and their cell surface receptors can result either in 
the inhibition or in the enhancement of their biological activity.  
 
2.14. Glycopolymers 
The use of sugar-based materials in the biomedical science resulted in a great interest to 
produce synthetic glycopolymers. Synthetic carbohydrate (glyco) polymers are being 
increasingly investigated as biodegradable, biocompatible, and biorenewable materials for use 
as water absorbents, chromatographic supports, and medical devices. Moreover, 
glycopolymers can also provide a good surface for cell attachment,133 for example they can 
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exhibit specific interactions with lectins and proteins134 which is very important in the cell 
recognition process. For glycopolymers where free sugar units are present, specialized 
applications e.g. in drug delivery systems are already reported based on their high 
biocompatibility, hydrophilicity as well as high water solubility.106,135-137 In addition, they are 
potentially interesting for applications in bio-recognition where sugars play an important 
role.101,106,111,138,139 Therefore, many research groups started to study the synthesis of 
glycopolymers.140,141  
Fukuda and Ohno138,139,142 have pioneered the synthesis of glycopolymers via both nitroxide-
mediated (NMRP) and atom transfer radical polymerization (ATRP) of the corresponding 
glycomonomers. Recently, various polymerization techniques were used to synthesis 
glycopolymers aiming for well-defined structures. Some of the techniques are cationic 
polymerization,143 ring-opening polymerization,144 ring-opening metathesis polymerization,145 
and free radical polymerization,146 as well as reversible addition-fragmentation chain transfer 
(RAFT) polymerization.79,147,148 
Most of the polymerizations of functional monomers via ATRP still involve a 
protection/deprotection strategy.135,149 However, the tolerance of ATRP toward hydroxyl 
groups of glycomonomers without protecting group was proven by Narain and Armes.150,151 
Additionally, Lowe et al. presented examples of the RAFT polymerization of glycomonomers 
in water without protecting chemistry still keeping the control.147 However, the use of 
deprotected glycomonomers limits the solvent which can be used and this can be problematic 
in case of copolymerization with other glyco-free monomers. In addition, using protected 
glycomonomers in controlled radical polymerization reduces the danger of side reactions or 
unfavorable interactions with other functional comonomers. 
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2.15. Amphiphilic block copolymers and their micelles 
Amphiphilic blockcopolymers have been investigated in detail due to their important 
properties like surface activity and micelle formation in selected solvent.151 The presence of 
both hydrophilic and hydrophobic segments in one polymer chain allows the scientist to 
create new useful materials e.g. in the field of drug delivery. In this frame stimuli responsive 
diblock copolymers, including thermo-responsive and pH-responsive materials, found a large 
interest due to their intelligent properties.152-158 Thereby scientists are highly interested in 
improving such materials to have ideal conditions for drug loading and controlled release.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.9. Thermo-responsive polymeric micelle for selective drug release  
 
Poly(N-isopropylacrylamide) PNIPAM is the one of the most widely used thermo-responsive 
polymer for a variety of applications due to it’s phase transition at 32°C in water. With the 
aim to use PNIPAM in biomedical applications, there is a strong effort to enhance 
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biocompatibility by introducing hydrophilic comonomers but keeping the phase transition 
temperature (Ttr) of PNIPAM in the physiological range (~36°C). Additionally, in the 
research area of drug delivery, responsive amphiphilic block copolymers, micelles have been 
studied by many researcher groups. Okana and Yokoyama created new thermo-responsive 
micelles formed from block copolymers that were composed both of a hydrophobic and a 
thermoresponsive segment. Biodegradable hydrophobic blocks were utilized to form the core 
of micelles.159 A different approach was applied by McCormick’s research group in order to 
produce amphiphilic block copolymer micelles.160 Shell “locked” nanoassemblies have been 
recently prepared from interpoly electrolyte complexation of block copolymer micelles which 
include PNIPAM block.  
In this fast growing area, it is still a challenge to create micellar carrier systems for specific 
targeting161. Cell surface glyco-based receptors could be targeted by the glyco-mediated 
micelles which would be one of the most promising strategy in cellular-specific drug 
targeting.161-163
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3. Results and Discussion 
 
 
3.1. Synthesis of glycopolymers 
According to the aim, four different kinds of glycomonomers with different spacers between 
the polymerizable function and the sugar moiety were synthesized. Protected sugar units were 
used to avoid possible side reactions during monomer synthesis and polymerization. The 
protected monomers allow us to find common reaction conditions for the copolymers over a 
broad composition range due to their solubility characteristics. The structures of the 
glycomonomers are shown in Figure3.1.1. indicating also the abbreviations used: AIpGlc and 
MAIpGlc for the protected acrylate and methacrylate monomers without spacers, and 
MAIpGlcC5/10 for the protected methacrylamides with 5 or 10 methylene spacer units. AIpGlc 
and MAIpGlc were prepared according to the literature139,142, whereas the two 
methacrylamide monomers MAIpGlcC5/10 were synthesized for the first time.  
Figure 3.1.1. Chemical structures of the sugar containing monomers. 
 
3-O-Acryloyl-1,2:5,6-di-O-isopropylidene-α-D-glucofuranoside AIpGlc was synthesized via 
esterification of acryloyl chloride and protected sugar component 1',2':5',6'-di-O-
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isopropylidene-D-glucofuranose at 0°C for 1 hour, then the reaction mixture is left at room 
temperature for another 2 hours to complete the reaction. Crude product was purified by silica 
gel column chromatography to afford the product as an oily compound. Crystallization was 
achieved in cold hexane to give a slightly yellow powder (1.88 g, 30%) (See experimental 
part for the details). 
3-O-Methacryloyl-1,2:5,6-di-O-isopropylidene-α-D-glucofuranoside (MAIpGlc) was 
synthesized via esterification of methacrylic anhydride and 1',2':5',6'-di-O-isopropylidene-D-
glucofuranose at 65°C for 4 h, after the addition of 35 ml of water, the mixture was led to 
react for 1 h. The crude product was purified by column chromatography to yield a colourless 
oil (7.77g ,62%) (See experimental part for the details). 
 
3.1.1. Synthesis of MAIpGlcC5/10 
 
The new glycomonomers (MAIpGlcC5/10)164 have been synthesized by reacting first 
methacrylic acid anhydride with the corresponding α,ω-amino acid and then attaching the 
protected sugar unit 1',2':5',6'-di-O-isopropylidene-D-glucofuranose by applying coupling 
agents as shown in Scheme 3.1.1. The two monomers were obtained at 50% overall yield and 
could be isolated in high purity after column chromatography. 
As it is shown in scheme 3.1.1, synthesis of MAIpGlcC5/10  includes two steps. First monomer 
with hydrophobic spacer with 5 or 10 –CH2- group were prepared .This methacrylic based 
spacer monomer was reacted with protected sugar (1,2:5,6-di-O-isopropylidene-D-
glucofuranose) for the esterification. 
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Scheme 3.1.1.  Reaction pathway for the synthesis of MAIpGlcC5/10 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1.2. 1H NMR spectrum of MAIpGlcC5 in DMSO-d6.  
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Figure 3.1.2  shows the 1H NMR of MAIpGlcC5 with full signal assignment which confirms 
that the five-membered α-D-glucofuranoside ring is intact and not partially hydrolyzed which 
would lead to α- and β-D-glucopyranose rings. 
  
Figure 3.1.3. 13C NMR spectrum of MAIpGlcC5 in DMSO-d6. 
 
Additionally the 13C NMR spectrum of MAIpGlcC5 prove the chemical structure and that the 
product obtained is very pure (see figure 3.1.3). After successfully synthesizing the new 
glycomonomers we studied their polymerization behaviour using the RAFT process.  
 
3.1.2 Homopolymers of glycomonomers 
 
As a first trial, each glycomonomer except AIpGlc was homopolymerized by free radical 
polymerization using AIBN at 90oC in dioxane for 24 h to clarify the polymerizability. 
Reaction temperature was varied from 70°C to 90°C to optimize the free radical 
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polymerization condition regarding different monomers. All the sugar containing monomers 
proved to be polymerizable by this technique. In the case of AIpGlc gelation was observed, 
probably due to the high reactivity of the monomer and some side reactions. In general, better 
results (around 60% yield) were obtained from MAIpGlcC5/10 compared to the other 
glycomonomers. 
After we could prove that the glycomonomers are readily polymerized by free radical 
polymerization, control was aimed by the RAFT method using 2-Cyanoisopropyl 
dithiobenzoate (CIDB) as CTA and AIBN as initiator (see scheme 3.1.2). The other controlled 
radical polymerization methods have been also applied like ATRP and NMP nevertheless 
RAFT gave the best results considering degree of polymerization. One has to consider that 
finally it is desired to obtain block copolymers with NIPAM, and it is well known from the 
literature that NIPAM polymerization gives the best results with the RAFT mechanism. 
Therefore we focused on the controlled radical polymerization of the glycomonomers by 
RAFT. Furthermore, by using RAFT method, final polymers will be metal free, which would 
give us the chance to apply these polymers easily for the bio applications. Furthermore 
absence of the metal catalyst would reduce the needed work-up efforts. Additionally CIDB 
has been chosen as the CTA to perform RAFT polymerization due to it’s wide applicability 
with a large variety of methacrylic based monomers and NIPAM.  
In a first polymerization trial all methacrylic glycomonomers showed reasonable results and it 
was possible achieve over 70% of conversion by RAFT, whereas the acrylate monomer 
AIpGlc resulted again in a gel. The reactivity of MAIpGlc was lower compared to the 
glycomonomers with spacer and therefore, a reaction time of 96 h was needed to achieve a 
polymer yield of 75%. These results show that the spacer chain improves the reactivity of 
methacrylic glycomonomers (Table 3.1.1 ). 
However, under the described conditions, no full monomer conversion could be achieved. 
Complete purification of the protected polymers from the residual monomer was not possible 
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even after repeated precipitation thus the reported yields contain some error. As it is exhibited 
in the Table 3.1.1, molar ratio  [M]0/[CTA]0/[I]0 has been varied to reach the desired molar 
mass and a low PDI which indicates a good control on chain growth.  
Usually molar masses were determined by GPC method which is a chromatographic method 
in which macromolecules are separated based on their size. However this method could cause 
errors since it is a relative method to calculate the molar mass. Columns are often calibrated 
using standard samples to determine the void volume and the slope of the logarithmic 
dependence. GPC is dependent upon several factors. First of all the sample must be soluble in 
the solvent used. It is required to achieve total solubility and no aggregation. Secondly the 
solvent must ensure that there is no retention due to any interaction with the column other 
than that of size exclusion. Therefore the presented GPC results may give some errors due to 
the possible undesirable interactions between column and polymer sample. Thus, no reliable 
molar masses by our standard GPC system III (solvent THF, MALLS detector) could be 
achieved for these products due to limitations of the method. The relatively polar polymers 
lead to adsorption and aggregation phenomena and bad separation, thus no statement on the 
control of the reaction was possible in this first trial. 
 
Table 3.1.1. Homopolymerization of glycomonomers by RAFTa) 
 Glycomonomer [M]0/[CTA]0/[I]0 Solvent Time T Yield 
    h °C % 
G1 MAIpGlcC5 100 / 2.5 / 1 dioxane 6.5 70 30 
G2 AIpGlc 50 / 2.5 / 1 dioxane 24 70 gel 
G3 MAIpGlcC5 112 / 2.5 / 1 dioxane 49 70 65 
G4 MAIpGlc 50 / 2.5 / 1 anisole 96 80 75 
G5 MAIpGlcC10 100 / 2.5 / 1 anisole 48 80 70 
 
a) Reactions were carried out by using AIBN as initiator and CIDB as CTA; solvent: 33 wt.-
%. 
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3.1.3. Kinetic experiments with MAIpGlc5 
 
Some kinetic studies were carried out for the homopolymerization of MAIpGlcC5 using NMR 
spectroscopy to determine the monomer conversion at certain reaction times. RAFT method 
has been applied by using CIDB as CTA at 80°C and [M]0/[CTA]0/[I]0: 125 / 2.5 / 1. (Scheme 
3.1.2). The results indicate that the polymerization proceeded reasonably fast with 54% 
monomer conversation being achieved in 5 hours. Figure 3.1.4.a shows the plot of 
ln([M]0/[M]) versus time in a pseudo first-order kinetics which is qualitatively indicative of a 
controlled polymerization. We had to face again difficulties in the GPC measurement for 
molar mass determination using the GPC system III. However, switching to the GPC system I 
specially well suited for glycopolymers (solvent NMP, PS calibration) we could clearly 
observe that the GPC traces of the polymer samples taken at different reaction times shift to 
lower elution volume, i. e. higher molecular weight, with increasing conversion (Figure 
3.1.4.b). 
  
 
Scheme 3.1.2. Reaction pathway for the synthesis of PMAIpGlcC5/10  by RAFT and 
[M]0/[CTA]0/[I]0: 125 / 2.5 / 1. 
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In addition, the polydispersity of the samples remained below 1.4, also indicating a controlled 
manner of the polymerization. Molar masses of the different samples were also determined by 
1H NMR spectroscopy. Assuming that each polymer chain contains the dithiobenzoate 
fragment of the CTA as chain end, the ratio of the signal integrals of Ha from the polymer 
repeating unit and the para-phenyl proton of the dithiobenzoate end group at 7.59 ppm was 
evaluated. 
Figure 3.1.4.  Kinetic study on a MAIpGlcC5 homopolymerization (for details see table 
3.1.2). (a) Plot of % conversation and ln([M]0/[M]) vs. time and ln([M]0/[M]) vs. time 
corresponding to a pseudo-first-order kinetics. (b) GPC chromatograms for PMAIpGlcC5 
samples taken at different reaction times. 
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Table 3.1.2. Conversation, molar mass, and polydispersity data for homopolymerization 
of MAIpGlcC5a) by RAFT 
a) Polymer synthesized at 80°C in dioxane (75wt.-%), [M]0/[CTA]0/[I]0: 125 / 2.5 / 1. 
b)
 Mn NMR values determined by end group method from 1H NMR signal integrals (see text). 
c)
 Determined by GPC system I using polystyrene standards for calibration. 
 
Because of neglecting side reactions, and also reduced sensitivity at higher molar masses, the 
NMR method tends to overestimate the number-averaged molecular weights. Keeping in 
mind the errors of NMR as well as GPC analysis, the molar mass values agree rather well and 
also the comparison with the theoretical values calculated indicates a rather good control over 
the molar mass. Theoretical molar masses were calculated by using the given Equation 3.1.  
 
Equation 3.1.  Mn Theory: [M]0/[CTA]0 x (Conversion/100)x Mmonomer 
 
Molar masses were also calculated by NMR, assuming that all the polymer chains are ended 
with the CTA and in this case the integral value of the o-protons of CTA were used to find out 
the number of the repeating units. Thus integral value of –NH proton of polymer is divided to 
the half of the integral value of the o-protons of CTA. Because CTA includes two o-protons. 
Time Conversion.  Mn Theory x 10-3 Mn NMRb) x 10-3 Mn GPCc) x 10-3 PDI 
h % g/mol g/mol g/mol  
1 20 4.4 4.85 6.7 1.20 
2 33 7.3 11 9.2 1.22 
3.5 46 10.1 14 10.3 1.44 
5 54 11.9 14 11.55 1.29 
7 58 12.8 15.4 11.5 1.36 
24 60 13.25 16.7 11.65 1.34 
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Figure 3.1.5 shows the 1H NMR spectrum of PMAIpGlcC5 that was taken after 3,5 hours 
reaction time in DMSO-d6. Calculated molar masses from NMR may give an error with 
increasing molar masses.  
The polymerization slows down after about 50% conversion (5h); only about 60% conversion 
could be reached after 24h. Probably, the growing polymer can hinder the active chain end, 
therefore after 50% conversion polymerization proceeds slower. The long reaction times 
needed allow also for a higher chance for side reactions and loss of the CTA fragment at the 
chain end. 
This study allowed us to conclude that the glycomonomers can be polymerized via RAFT 
polymerization keeping the control at least until about 50% of monomer conversion. 
However, for block copolymer formation through chain extension experiments it might be  
more promising to start with a macroinitiator prepared from the comonomer. Thus, we turned 
our interest towards the second type of monomer, N-isopropylacrylamide (NIPAM), which 
we were interested in combing with the glycomonomers since it can introduce 
thermoresponsive behavior into the polymer structure. 
Figure 3.1.5. 1H NMR spectrum of PMAIpGlcC5 in DMSO-d6 after 3.5 h reaction time 
directly taken from the reaction mixture (M marks unreacted monomer, S marks solvent)
.
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3.1.4. Homopolymerization of NIPAM 
 
The homopolymerization of NIPAM was studied under RAFT conditions following the 
process described by Savariar and Thayumanavan74 which should allow a good controlled 
chain growth. Table 3.1.3.  shows the results for the homopolymerization of NIPAM using 
different conditions and chain transfer agents. DMF or anisole were used as solvents and 
mostly AIBN as initiator and 2-cyanoisopropyl dithiobenzoate (CIDB) as CTA were 
employed. As shown in Table 3.1.3, entry PN3, after some optimization the best results 
regarding agreement of calculated and obtained molar mass and narrow polydispersity were 
obtained with CIDB/AIBN (ratio 2.8:1) in anisole and about 5 h reaction time (52% 
conversion).  
 
Figure 3.1.6. Chemical structure of the CTAs used for RAFT polymerization. 
It is important to underline that these conditions also allow to polymerize the glycomonomers 
since it is planed for copolymerization experiments. By increasing the reaction time and 
changing of the CTA/I ratio and the type of initiator, (e.g. 4,4’-azobis(4-cyanopentanoic acid) 
(ACPA) was combined with S-(thiobenzoyl)thioglycolic acid (STBGA) as CTA) the results 
were not improved. Moreover benzyl dithiobenzoate (BDTB) were performed as CTA to 
provide controlled chain growth since it is supposed to work well for the methacrylates and 
NIPAM. Nevertheless the PDI value and monomer conversion were not improved by 
changing CIDB with STBGA and BDTB (see Figure 3.1.7 for the chemical structure). As can 
be seen in Table 3.1.3, polymers of Mn = 13000 - 33000 g/mol with a polydispersity index 
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between 1.07 and 1.9 were achieved. However, the determination of the molar mass for 
PNIPAM by GPC has to be considered as rather difficult. Different GPC setups were used for 
our studies, but still, it was very difficult to receive reliable values for molar masses. The 
strong tendency for the formation of hydrogen bonding as well as the temperature dependent 
phase behavior cause strong problems in GPC analysis141,165 and thus, the values reported 
should be regarded with great caution even though we obtained a reasonable agreement 
between values obtained from runs on three different systems.  
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1.7. 1H NMR spectrum of of PNIPAM (PN2) in DMSO-d6. 
In our experiments, usually 50 to 60% monomer conversions were achieved. When one drives 
RAFT to very high conversion, side reactions may occur and the chain transfer group at the 
chain end can be lost.85 However, for our samples (below 70% conversion) it can be assumed, 
that nearly all chains have on one end the remaining part of the AIBN initiator and on the 
other side the sulfur containing RAFT agent. This allows to use 1H NMR spectroscopy not 
only to verify the polymer structure but also to estimate Mn values by end group 
quantification. The dithiobenzoate end group of the PNIPAM could be proven by the 1H 
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NMR signal of the ortho-phenyl protons at 7.91 ppm (see Figure 3.1.7). Number-averaged 
molar masses (Mn NMR) were calculated from the half intensity of this signal and the intensity 
of the isopropyl group methine proton signal (3.84 ppm) of the repeating unit. Here, one has 
to consider that the error of the NMR analysis becomes larger at higher molar masses. In 
Table 3.1.3, those data are reported next to the GPC values and one can see, that the NMR 
values are usually below those determined by GPC but in the same order of magnitude. In 
addition, all measured molar mass data are somewhat higher than the theoretical values 
calculated from the monomer/CTA ratio and the conversion but again, in the same range, 
indicating in general a relatively high degree of control. Furthermore we can state, that our 
results are comparable with those reported by Savariar and Thayumanavan,74 and thus, no 
further study for proving the "livingness" of the polymerizations were performed.
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Table 3.1.3. Homopolymerization of NIPAM by RAFTa) 
Run [M]0/[CTA]0/[I]0 Solvent Time Conv. 
Mn Theory 
x 10-3 
Mn NMR  
x 10-3 
Mn GPCb) 
x 10-3 
Mn GPCc) 
x 10-3 
PDIb) PDIc) Ttr 
  wt.-% h % g/mol g/mol g/mol g/mol    °C 
PN1 368 / 2.9 / 1 
anisole 
(33%) 
6 61 9.1 4.8 15 12.1 1.53 1.27 29 
PN2 368 / 2.9 / 1 
anisole 
(33%) 
4 55 8.2 13.9 18 18.5 1.5 1.3 30.4 
PN3 368 / 2.9 / 1 
anisole 
(33%) 
4.5 52 8.35 17.3 14.5 16.8 1.39 1.07 29.5 
PN4 300 / 2.6 / 1d) 
DMF 
(50%) 
22 68 8.9 12.5 33 37 1.5 1.13 26.5 
PN5 300 / 2.5e / 1d) 
DMF 
(33%) 
20 50 6.85 n. d. 11.5 13.6 1.9 1.34 29.2 
PN6 1000 / 5.3f) / 1 
anisole 
(60%) 
20 50 10.7 9.8 13 12.2 1.3 1.15 27.2 
a)
 Reactions were carried out at 95 °C except PN4 (70 °C) using AIBN as initiator and CIDB as CTA unless otherwise noted. 
b)
 Determined by GPC system II using PVP standards for Mn calibration. 
c)
 Determined by GPC system I using PS standards for Mn calibration. 
d)
 ACPA was used as an initiator. 
e)
 STBGA was used as a CTA. 
f)
 BDTB was used as a CTA.
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3.1.5. Random copolymers of NIPAM and glycomonomers 
 
After the RAFT conditions had been optimized for NIPAM, random copolymerizations of 
NIPAM and the different glycomonomers were carried out as shown in Table 3.1.4. Better 
results were observed when the polymerizations were carried out above 70°C, however the 
reaction temperature could not be increased too much due to the partial decomposition of the 
sugar residues at temperatures above 100 oC. Finally, the polymerizations were carried out 
preferably between 80 and 95oC, but reaction times above 20 h were needed to reach 
reasonable monomer conversions. In a trial, also other controlled radical polymerization 
techniques were applied like NMP and ATRP, but still, RAFT gave the best results also 
regarding feasibility and needed work-up efforts. We could vary the glycomonomer content in 
the random copolymers from 2 to 55 mol-% (see Table 3.1.4, analysis was done on the 
deprotected samples as explained later) which was expected to have a strong influence on the 
phase transition temperature. Also, all four monomers could be copolymerized without any 
hint that the incorporation of the sugar units is non-random, but no full prove can be given on 
that. The methacryl-based glycomonomers showed similar reactivity in the random 
copolymerization with NIPAM, indicated by the fact that the composition of the copolymers 
was similar to the feed ratio of the monomers (Table 3.1.4). AIpGlc, however, shows higher 
reactivity in random copolymers with NIPAM than the other three glycomonomers and also 
some tendency for side reactions because its polymerization results in a mixture of soluble 
polymer and gel compromising analysis. This tendency of AIpGlc towards gelation was 
already observed in the free radical homopolymerization. The structure of the random 
copolymers could be proven by NMR spectroscopy. As an example, the 1H NMR spectrum of 
copolymer RC3 is shown in Figure 3.1.8. 
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Table 3.1.4. Random copolymerization of NIPAM with glycomonomers by RAFTa) 
 
Run 
Glyco-
monomer 
NIPAM / glycomonomer Solvent  Time T Conv. 
Mn GPC x 
10-3 
Mn GPCd) x 
10-3 
PDI PDId) Ttr 
  feed polymerb)  wt.-% h °C % g/mol g/mol   °Cb) 
RC1 MAIpGlc 75 : 25 60 : 40 DMF (85%) 20.5 70 61 p110e)  17.1 p1.19e) 12 60.8 
RC2 MAIpGlcC10 80 : 20 75 : 25 DMF (80%) 20.5 70 65 p13.6e) 18.7 p1.16e) 1.29 <10 
RC3 MAIpGlcC5 50 : 50 45 : 55 dioxane (70%) 20 80 80 n. d. 20.5 n. d. 1.69 >100 
RC4 MAIpGlc 98 : 2 98 : 2 DMF (80%) 26 70 38 11f) 10.1 1.4f) 1.27 29.8 
RC5 MAIpGlc 90 : 10 95 : 5 anisole (80%) 20 80 60 17f) 66 4f) 2.71 32.9 
 
a) Ratio [CTA]0/[I]0 = 2.5/1; [M1+M2]/[CTA] varied from 40 – 80; CTA: CIDB; initiator: AIBN. 
b)
 Analyzed after deprotection. 
c)
 Conversation calculated from the amount by weight of obtain polymer to starting amount of monomer. 
d) Determined by GPC system I using polystyrene standards for calibration. 
e)
 “p” indicates that molecular weight data were determined before deprotection of the sugar unit by GPC system III using a light scattering detector. 
f) Determined by GPC system II using PVP standards for calibration. 
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The molar mass data in Table 3.1.4 indicate, that the problems discussed already for the 
PNIPAM homopolymers become much more pronounced when the polar sugar units are 
incorporated into the structure. Now, beside the problem with the hydrogen bonding, the 
hydrophilic and hydrophobic parts of the polymers and thus, the tendency for aggregation 
have to be considered. Therefore, we studied only the protected copolymers or those with 
very low glycomonomer content using the GPC systems II and III, but still aggregation could 
be observed (see entry RC1). Using the GPC system I (applying PSS GRAM 7µm columns 
and NMP as solvent) the results are much improved, but still, we cannot guarantee that the 
measured values are close to the real values and thus, no conclusion regarding the control 
being achieved during RAFT polymerization will be drawn. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1.8. 1H NMR spectrum of a random copolymer of NiPAAM and MAIpGlcC5 (RC3) 
in DMSO-d6. * - signals of the methacrylamide moiety of  unreacted glycomonomer. 
 
3.1.6. Block copolymers NIPAM and glycomonomers 
 
As discussed above, the PNIPAM homopolymers have reactive end groups, which qualify 
them as macro-CTAs for RAFT. Thus, we were able to use some selected samples (PN1, 
PN2, PN3 and PN6) for the formation of NIPAM/glycomonomer block copolymers by 
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sequential monomer addition applying optimized RAFT conditions (AIBN as initiator, DMF 
or dioxane as solvent, ratio macro-CTA : I is varied from 1.5 to 2.6). The best result is 
observed when the ratio macro-CTA : I is 2.5. Actually, the PNIPAM homopolymers were 
first isolated and purified from unreacted NIPAM monomer and then used as macro-CTA in 
the RAFT polymerization of our protected sugar containing monomers according to Scheme 
3.1.3. All the glycomonomers could be successfully applied in these experiments giving the 
results shown in Table 3.1.5. We were able to incorporated even AIpGlc as second block up 
to 23 mol-% of the total polymer composition and here, no gelation was observed (Table 
3.1.5). 
 
 
 
 
Scheme 3.1.3. Basic pathway of block copolymer formation by RAFT. 
 
As already found, the glycomonomers need long reaction times under RAFT condition for the 
polymer chain formation. Thus, reaction times of 24 to 72 h had to be applied at a reaction 
temperature from 80 to 100 oC for the chain extension experiments. By this we were able to 
produce thermoresponsive block copolymers with one segment containing pendent sugar units 
with variation in the molar ratio of the glycomonomers from 8 to 70% as determined by 
NMR. 
The approach is summarized in Scheme 3.1.4 for the PNIPAM-b-PMAGlcC5/10 production. 
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Scheme 3.1.4. General scheme for the preparation of PNIPAM-b-PMAGlC5/10 via a two step 
RAFT polymerization, followed by removal of the isopropylidene protecting group. 
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Table 3.1.5. Block copolymerization of NIPAM with glycomonomer by RAFT 
 
Run 
PNIPAM-b-
P(glycomonomer) 
Solvent  Time, T Compositiona) Mn GPC x 10-3 Mn NMRd) x 10-3 PDI Ttr 
          wt.-% h °C
 
 g/mol g/mol  °Ce) 
BC1 PN1-b-PAIpGlc DMF (70%) 24 95 85 : 15 18.1b) 7.2 1.17b) n.a.f) 
BC2 PN2-b-PAGlc DMF (75%) 48 100 77 : 23 22.9b) 25 1.15b) 32.7 
BC3 PN2-b-PMAGlcC5 dioxane (66%) 68 80 44 : 56 15.2b) 84 1.57b) 38 
BC4 PN2-b-PMAGlcC5 dioxane (75%) 72 80 30 : 70 18c) 144 1.67c) 35.2 
BC5 PN3-b-PMAGlcC5 dioxane (70%) 72 80 60 : 40 23c) 34 2.5c) 33.7 
BC6 PN6-b-PMAGlc DMF (65%) 30 90 92 : 8 16c) 12 1.6c) 28.2 
BC7 PN6-b-PMAGlc DMF (62%) 48 90 60 : 40 29c) 25 1.7c) 31.4 
BC8 PN6-b-PMAGlcC10 DMF (70%) 120 80 55 : 45 27c) 39 1.69c) n.a.g) 
 
a)
 Monomer composition in the polymer calculated from integral values of NMR spectra. 
b)
 Determined by GPC system I using PS standards for calibration. 
c)
 Determined by GPC system II using PVP standards for calibration. 
d)
 Mn block copolymer calculated from molar monomer composition as determined by NMR and Mn of the used PN block. 
e)
 Critical phase transition temperature determined by turbidity measurements after deprotection of glycopolymers. 
f)
 The protected sample cannot be analyzed regarding Ttr. 
g)
 This polymer was not soluble in water at room temperature.
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Figure 3.1.9 shows the GPC traces of the macro-CTA PNIPAM (PN6) and the block 
copolymer BC7 build from it. Even though we have to state that the GPC results can not be 
considered reliable regarding the real molar mass values, still a clear shift of the GPC trace 
and thus, of the molar mass from the macro-CTA to the block copolymer is visible. For 
comparison reason, Table 3.1.5 gives also the molar masses calculated based on the molar 
mass of the PNIPAM macro-CTA and the molar ratio of the glycomonomers incorporated as 
determined by NMR. Comparison of those values shows usually often lower molar mass 
values determined by GPC as calculated from the monomer composition, demonstrating again 
that for sugar containing block copolymers GPC reaches fully its limitations. This is the best 
shown by entry BC3, where the molar mass determined by GPC is with 15200 g/mol below 
that of the PNIPAM CTA (Mn = 18000 g/mol) measured with the same GPC system I. 
Hydrogen bonding, temperature depended aggregation behaviour, amphiphilic nature and 
changes in solvent interactions depending on the monomer composition does not allow a 
reliable separation on the GPC column and renders any calibration meaningless. 
Figure 3.1.9. GPC traces of PN6 and PN6-b-PMAGlc (BC7) detected by RI detector (GPC 
system II). 
14 15 16 17 18 19 20
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3.1.7. Deprotection of protected glycopolymers  
 
The hydrophilicity and also the bioactivity of the sugar units can only be exploited in their 
deprotected state, therefore the random and block copolymers were usually deprotected before 
further analysis.  
The isopropylidene protecting groups of protected glycopolymers were treated under mild 
acidic conditions. Two different methods were used to optimize the condition. As a first 
method a mixture of trifluoroacetic acid/water (9/1 v/v) was applied. 13C NMR reveals that 
deprotection is complete after half an hour, however, some unexpected peaks appear due to 
the cleavage of ester bond from the sugar part. For avoiding this effect, as second method the 
protected polymer (100mg) was dissolved in 80% formic acid (12 ml) and stirred for 48 h at 
room temperature, then 6 ml of water were added and the mixture was stirred for another 3h. 
Under those conditions, the deprotection was complete and almost no ester cleavage was 
observed by NMR. The final solution was dialyzed against distilled water for 3 days and 
concentrated under high vacuum. In the cases when MAIpGlcC10 was incorporated into the 
random and block copolymers, the resulting deprotected polymers were not soluble in water. 
In those cases dialysis was carried out against ethanol:water (2/8 v/v). 
The deprotection of the sugar moiety in the polymers can be well followed by 1H NMR. The 
singlets of the methyl groups of the cyclic ether units (1.2 - 1.4 ppm) are very indicative for 
the remaining protection groups and allow to evaluate the extension of deprotection (see 
Figure 3.2.3 ). 
After the deprotection of polymers in their abbreviations by changing "AIp" into "A", thus 
e.g. PMAIpGlc changes into PMAGlc in Table 3.1.5. After deprotection, the polymers 
changed solubility and thus, could be purified by dialysis in water or water/ethanol mixtures 
which had the advantage that all unreacted glycomonomers were removed completely. It was 
difficult for the protected sugar containing random and block copolymers. 
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It can be also clearly observed in Figure 3.1.10 that proton exchange of glyco hydroxyl groups 
with TFA-d results in a disappearing hydroxyl proton. It would be the further indication of the 
presence of hydroxyl groups which originate from glyco part. The deprotection of the five-
membered α-D-glucofuranoside ring results in the formation of α- and β-D- glucopyranose 
rings (molar ratio of about 1:1). Both forms can be well distinguished in the 13C NMR spectra 
in Figure 3.1.11 (see Exp. Section for structure numbering). Additionally similar results were 
observed in D2O, due to the fast exchange of hydroxyl protons with deuterons of the solvent 
D2O, their J-couplings with the sugar protons disappear (Figure 3.2.3). This significantly 
simplifies the spectra compared to spectra taken in DMSO-d6 as solvent. In Figure 3.2.3 both 
spectra are almost identical with respect to the position of the signals of the PNIPAM block 
(H1 – H5) and the sugar moiety (Ha - Hf). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure  3.1.10. Proton exchange of PNIPAM-b-PAGlc (BC2) with TFA-d results in 
disappearing –OH protons in DMSO-d6.  
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Figure  3.1.11. 13C NMR spectrum of PNIPAM-b-PMAGlcC5 (BC4) in DMSO-d6 (see 
experimental part for the assignment). 
Before deprotection, the copolymers were not soluble in water. The polymers, which have a 
high content of glycomonomers have a tendency to precipitate in water, in contrast, where 
PNIPAM is the major component, diethyl ether is the more favourable non-solvent for 
polymer precipitation. Polymers with the glycomonomers with C5 and C10 spacer could be 
precipitated in heptane or water. Deprotection, however, led to water solubility at room 
temperature for all samples with the exception of the random copolymer with MAIpGlcC10. 
The long hydrophobic spacer of the sugar moiety shifts the Ttr to values below room 
temperature (see below) and this effect leads to the precipitation of the polymers in water 
already at room temperature. Thus, the solubility properties of the block copolymers in 
particular are a further proof that the chain extension was successful and that no major 
formation of homopolymers, neither homo-PNIPAM (not chain extended) nor homo-
glycopolymers, took place. 
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3.2. Thermoresponsive behaviour of copolymers 
 
The critical phase transition temperatures (Ttr) of the synthesized polymers were determined 
by UV/vis turbidity measurements in water. Furthermore, for the NIPAM homopolymers, Ttr 
was also investigated in phosphate buffer solution, since these polymers might be used for 
biomedical applications where specific buffer solutions are used. 
3.2.1. UV/vis results 
 
Ultraviolet-visible spectroscopy measures the intensity of the UV light passing through a 
sample (I), and compares it to the intensity of light before it passes through the sample (I0). 
The ratio I/I0 is called transmittance, and is usually expressed as a percentage (%T). This 
simple method was used for the detection of Ttr of copolymer solution by measuring the %T 
upon heating. Usually the measurements were carried out in water, but we also made some 
measurements in buffer solution since the experiments with biomaterials have to be carried 
out in buffer solution. In general, the results from UV/vis turbidity measurements exhibit only 
a 2°C decrease on Ttr when measured in buffer solution compared to pure water. Salt effect on 
the LCST of PNIPAM have been already reported and discussed in detail regarding 
Hofmeister series.166-169 Salt content of the polymer solution (especially anions) interfere the 
interactions between PNIPAM and water. Different pathways could be offered to explain this 
effect. The anions coming from the salt may screen the water molecules to form hydrogen 
bridges with -NH (amide) group via polarization of adjacent water molecules. Moreover the 
anions may bind directly to the polyamide which would also results in less hydrogen bridges 
between water molecules and PNIPAM.170 
As it was mentioned before, Ttr of PNIPAM copolymers is strongly influenced by the 
comonomer. The experimental results (Tables 3.1.4, 3.1.5 and ; Figure 3.2.1.) clearly show 
the effects on Ttr due to the different structure (random and block) and copolymer  
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Table 3.2.1. Transition temperatures of selected thermo-responsive polymers 
 
composition. Whereas for the block copolymers the Ttr value of the PNIPAM block only 
slightly increases with respect to Ttr of PNIPAM homopolymer, in the random copolymers the 
incorporation of the glycomonomers led to a dramatic increase or decrease in Ttr. Thus, in 
PN2-b-PAGlc (BC2, 77:23) the Ttr shifts only from 30.4 °C (PNIPAM, PN2) to 32.7 °C and 
in PN2-b-PMAGlcC5 (BC4, 30:70) to 35.2 oC. While in the NIPAM random copolymers with 
high MAGlc and MAGlcC5 content Ttr is shifted from around 30 °C to 60.8 oC for RC1 
(60:40) and even more than 70 oC (no longer measurable in water) for RC3 (45:55). Similarly, 
the random incorporation of the rather hydrophobic glycomonomer with the C10 spacer 
reduces Ttr to below room temperature; thus, the polymer is no longer soluble in water above 
10 oC. Also, only in the random copolymers the influence of sugar moiety becomes stronger 
by increasing the amount of sugar comonomer: RC5 (95:5, Table 3.2.1) has a Ttr at around 
32.9 °C while RC1 (60:40, Table 3.1.4.) has a Ttr at around 60°C. 
Figure 3.2.1 Temperature dependent UV transmission (at 650 nm, usually measured in water) 
for different random and block copolymers solutions. 
Polymer PN1 PN2 PN3 PN6 RC1 RC3 BC2 BC4 BC5 BC7 
Ttr (0C) 29 29.5 30.4 27.2 60.8 >70 32.7 35.2 33.7 31.4 
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This strong difference in the phase transition behaviour of the block copolymers indicates a 
phase separated structure. One has to assume that the hydrogen bonding effect of the NIPAM 
units with the water molecules differs in random copolymers from those in phase separated 
block copolymers. The LCST of random copolymers of NIPAM with glycomonomers is  
very strongly affected by the sugar -OH groups in direct neighbourhood to the NIPAM units,  
which can easily form hydrogen bridges towards water. Thus, water can solvate NIPAM more 
easily and this effect forces Ttr to increase significantly to higher temperatures and it helps to 
keep the PNIPAM chains to stay longer in solution. 
On the other hand, in the PN2-b-PAGlc or PN2-b-MAGlcC5 block copolymers, a phase 
separation takes place in water solution (probably having micellar like structure) with a nearly 
undisturbed phase of the PNIPAM chains surrounded by the sugar containing segments. Thus, 
the PNIPAM segments interact with the water molecules nearly in the same way as in the 
homopolymers and thus, the effect of the sugar-containing block on the phase behaviour is 
rather weak. 
 
  
Scheme 3.2.1. Effect of glycomonomer on solvation of random and block copolymer. 
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3.2.2. NMR results 
 
The LCST behaviour is closely combined with a drastically reduced mobility of the PNIPAM 
above Ttr. This different molecular dynamics of PNIPAM below and above Ttr is well 
reflected in its NMR spectra.171 The collapsed solid-like state results in the ‘disappearing’ of 
PNIPAM signals in solution-state NMR spectra because now slower molecular reorientations 
result in increasing transverse relaxation time T2 and so in large signal line width. These 
molecular changes occur within seconds171 and can be applied to study the different thermo 
response of polymer substructures.172 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2.2. Temperature dependence of the 1H NMR spectra (regions) of block copolymer 
PNIPAM-b-PMAGlcC5 (BC4, 30:70) (a, heating and cooling) and random copolymer 
PNIPAM/PMAGlcC5 (RC3, 45:55) (b, heating) in D2O (* - impurity) 
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We studied this effect also for our random and block copolymers by temperature dependent 
NMR experiments and the results are depicted in Figures 3.2.2. and 3.2.3. In Figure 3.2.3 on 
the right, the spectra of two block copolymers are given showing among others the methyl 
signal of the PNIPAM block measured at 10 K above the Ttr as determined by UV/vis. Less 
than 3 % of the primary signal at 30 °C could be detected for PN2-b-PAGlc (BC2, 77:23). 
However, about 14 % are still mobile for PN2-b-PMAGlcC5 (30:70).  
The 1H NMR spectra of two deprotected block copolymers, PN2-b-PAGlc (23 mol-% sugar) 
and PN2-b-PMAGlcC5 (56 mol-% sugar), are compared in Figure 3.2.3, providing also the 
polymer structures and the complete signal assignment. The five methylene groups of the C5-
spacer of PN2-b-PMAGlcC5 result in well separated signals (Figure 3.2.3 b and Figure 3.1.4). 
The different molar ratios of NIPAM and sugar moieties of both block copolymers can be 
calculated from the different signal intensities. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2.3. 1H NMR spectra (solvent D2O) of block copolymers PNIPAM-b-PAGlc (BC2) 
(a) and PNIPAM-b-PMAGlcC5 (BC4) (b) at 30 °C (region: 0-6 ppm) and at a temperature 10 
K above Tc of the polymers (region: 0.75 - 3 ppm). 
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The signals of sugar moieties are hardly affected above Ttr (Figures 3.2.2 and Figure 3.2.3). 
Maybe, the high mobility of the sugar block prevents demobilization of NIPAM units 
adjacent to the connection between both blocks. With respect to the different effect for PN2-
b-PAGlc (77:23) and PN2-b-PMAGlcC5 (30:70) one has to consider that the length of the 
PNIPAM block is the same for both polymers but the sugar block is about 6 times longer for 
PN2-b-PMAGlcC5 (30:70). 1H NMR spectra of the block copolymer PN2-b-PMAGlcC5 
(30:70) in D2O at different temperatures (Figure 3.2.2 a) show both the immobilization of the 
PNIPAM block and the reversibility of this effect. The decrease in NMR-detectable mobility 
with temperature is not as drastic as the decrease in transmission determined by UV/vis 
method. Due to the weakening of the hydrogen bonds, amide protons, which are not 
accessible for proton-deuteron exchange at room temperature, are completely exchanged at 
84 °C and so also after cooling. A small isotope effect on the LCST behaviour cannot be ruled 
out. In contrast to the block copolymer, there is no indication that the mobility of NIPAM 
units is affected by increasing temperature for the random copolymer RC3 with a 
PNIPAM/PMAGlcC5 ratio of 45:55 (Figure 3.2.2 b). This is in accordance with the UV/vis 
measurements showing no Ttr. Over the whole temperature range (28 – 92 °C), the signal 
intensities of both comonomers remain constant. 
 
3.3. Aggregation behaviour in water 
Since the results on the transition temperature indicate a specific aggregation behaviour of our 
block copolymers we turned our interest to explore solution behaviour of those glyco block 
copolymers. The selected glyco copolymers which are shown in the Table 3.3.1 are composed 
of both hydrophilic and hydrophobic units, such polymers are known in the literature as 
amphiphilic polymers. Therefore it is expected that they show aggregation in water. Those 
block copolymers have been used to investigate aggregation behaviour in aqueous solution by 
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varying the glyco monomer content of two block copolymers. In comparison, a random 
copolymer of a 50:50 composition was also studied. 
 Light scattering is one of the most common used method to characterize macromolecules and 
colloid. This method have been preferred in our study since one can easily determine by it the 
translation diffusion coefficient in a short time.173-175 Static light scattering is a technique in 
physical chemistry that uses the scattering intensity traces of macromolecules in solution at a 
number of angles to derive information about the radius of gyration Rg and molar mass Mw of 
the polymer or polymer complexes, for example micellar aggregation. In this method, the 
angular dependence of the excess absolute time-averaged scattering intensity, known as the 
Rayleigh ratio R(q), is measured. For a dilute solution measured at a relatively small angle 
(θ), R(q) can be related to the weight average molar mass (Mw), radius of gyration (Rg), the 
second virial coefficient (A2), and the scattering vector (q) as; 
 
Equation 3.3.1.                Kc/∆R(θ)=1/MwP(θ)+A2c 
 
Where K= 4pi2n2/NAλ02 (dn/dc)2 and q=(4pin/ λ0)sin(θ/2) with NA, n, dn/dc, and λ0 being the 
Avogadro constant, the solvent refractive index, the specific refractive index increment, and 
the wavelength of light in vacuum, respectively. In static light scattering information on the 
internal structure can be discriminated from the shape of the particles.176-178 
Dynamic light scattering is an easy technique which can be used to determine the size 
distribution of small particles in solution. It is mostly used for a determination of translational 
diffusion coefficients for spherical or irregularly shaped particles. This method measures the 
time-dependent fluctuations in the intensity of scattered light which occurs due to the fact that 
the small particles in solution are undergoing random, Brownian motion. Thus the distance 
between the scatterers in the solutions constantly changes with time. Analysis of these 
intensity fluctuations enables the determination of the distribution of diffusion coefficients of 
the particles, which are converted into a size distribution using established theories. 
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There are several ways to derive dynamic information about particles’ movement in solution 
by Brownian motion. One of such methods is dynamic light scattering, also known as quasi 
elastic laser light scattering. The dynamic information of the particles is derived from an 
autocorrelation of the intensity trace recorded during the experiment. The second order 
autocorrelation curve is generated from the intensity trace as follows: 
 
 Equation 3.3.2. g2(q,τ)=[I(t). I(t+τ)]/[I(t)2] 
 
Where g2(q,τ) is the autocorrelation function at a particular wave vector, q and delay time τ 
and I is the intensity. At short time delay the correlation is high because the particles do not 
have a chance to move to a great extent from the initial state that they were in. 
In this study, DLS was used to detect the change of the hydrodynamic radius (Rh) of glyco 
polymers in water by varying the temperature between 25-55°C. For the determination of Rh 
values, it has to be considered that results include both solvent (hydro) and shape (dynamic) 
effects.179 This process can be applied successfully for the determination of spherical or 
irregularly shaped particles by working only at one scattering angle. However, this method 
causes error for large linear, rod like or branched macromolecules180. All the DLS 
measurements presented in this work were carried out in the Prof. Arndt’s research group at 
Technical University of Dresden. 
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Table 3.3.1. Block and random copolymers of NiPAAm and MAGlcC5 used in DLS 
studies 
 
a)
 Monomer composition in the polymer calculated from integral values of NMR spectra. 
b)
 Determined by GPC system I using PS standards for calibration. 
c)
 Determined by GPC system II using PVP standards for calibration. 
d)
 Critical phase transition temperature determined by turbidity measurements. 
e)
 Random copolymer 
 
Size of the aggregated particles and the influence of the temperature on it were investigated 
for some of our glycopolymers by DLS technique (Table 3.3.1). It has been explain in the 
previous chapters that Ttr of PNIPAM is affected by copolymerization type and content of 
glycomonomer. We have already discussed this behaviour regarding the different Ttr values 
determined by UV/vis and NMR. Considering the PNIPAM-b-PMAGlcC5 (BC3, 44:56), one 
can easily see the factors that influence the Ttr of the glyco block copolymer. Figure 3.3.1 
shows the UV/vis results of PNIPAM-b-PMAGlcC5 (BC3, 44:56). For that block copolymer, 
the polymer solution did not become turbid even at higher temperatures (65°C) while the 
solution of the pure PNIPAM homopolymer (macro-CTA=first block) turned completely 
turbid above LCST (33°C). Nevertheless, a reduction of transmittance was observed also for 
BC3 at about 38°C which we assigned to the Ttr of the PNIPAM block. We have observed 
this behaviour just for the glycopolymers with a glycomonomer content is higher than 50 mol-
%. On the other hand the water solution of polymer BC5 becomes immediately turbid by 
raising the temperature above Ttr (see also Figure 3.3.3). This finding demonstrates that the 
hydrophilic units (glyco monomer) become more dominant by raising the molar ratio over 
Copolymers Compositiona) Mn GPC x 10-3 Mn NMR x 10-3 PDI Tc d) 
 mol-% g/mol g/mol  °C 
BC3     PNIPAM-b-PMAGlcC5 44 : 56 15.2b) 84 1.57b) 38 
BC5     PNIPAM-b-PMAGlcC5 60 : 40 23c) 34 2.5c) 33.7 
RC3      PNIPAM/PMAGlcC5e) 50 : 50 20.5b) n.d 1.69b) >70 
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50%. Moreover, the results exhibit also a week influence of glycomonomer on LCST of 
PNIPAM since it is slightly shifted to higher temperatures. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3.1. Temperature dependent UV transmission of PNIPAM-b-PMAGlcC5 (BC3, 
44:56),  (turbidity measurement)(a), and a proposal for aggregate formation at 25°C and 60°C 
(above LCST) (b). 
 
The results observed for BC3 can be discussed by considering the structure as it is proposed 
in Figure 3.3.1. At room temperature both sugar and PNIPAM block make hydrophilic 
interaction thus they are expected to be surrounded by water molecules. In contrary, the 
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hydrophobic spacer unit of the sugar block should avoid any interactions with water 
molecules. Therefore the structure shown in Figure 3.3.1 could be offered as a model where 
several block copolymer molecules aggregate with the hydrophobic part forming the core due 
to less interaction with water, PNIPAM and sugar moieties form a hydrophilic corona at room 
temperature. High sugar content of the block copolymer stabilizes the aggregates in water and 
results in stable relatively small aggregates even at high temperature which leads only to weak 
loss of transmittance in the turbidity measurements.  
Dynamic light scattering results support this assumption. The measurements at different 
temperatures show bimodal size distribution in both swollen and shrunken state of the 
macromolecules. The smaller peaks at lower Rh values correspond to the single polymer chain 
in equilibrium with aggregates whereas higher
 
Rh values of about 70-75 nm correspond to 
aggregates. A continuous decrease of the average hydrodynamic radius between 25 and 50 °C 
down to about 45-50 nm was observed (Figure 3.3.2). Left graphic shows the size distribution 
of the single molecules and aggregates, right graphic shows the cumulative Rh values which 
were obtained from the auto correlation function in Figure 3.3.2.  
It can be concluded that during heating the hydrodynamic radii (Rh ) of the single molecules 
and aggregates slightly decrease due to the LCST behaviour of the PNIPAM block. PNIPAM 
chains become hydrophobic upon heating above Ttr and these results in formation of smaller 
aggregates with PNIPAM collapsed as core together with the hydrophobic parts of the sugar 
block. 
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Figure 3.3.2  Temperature dependence of the radius Rh of the aggregates in water solution 
PNIPAM-b-PMAGlcC5 (BC3, 44:56) determined by slow heating process.  
 
On the other hand by changing the content of glyco units, the aggregation behaviour of block 
copolymer in water indicates a different process. UV results imply the formation of a 
completely turbid polymer solution above Ttr (Figure 3.3.3) for the PNIPAM-b-PMAGlcC5 
(BC5, 60:40), differentiating from the previous sample BC3. Similar to the previous results, 
LCST of PNIPAM is shifted to higher values but still in the physiological range, but the glyco 
content of the block copolymer can not stabilize the polymer aggregates in water anymore 
above LCST 
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Figure 3.3.3. Temperature dependent UV transmission of PNIPAM and  PNIPAM-b-
PMAGlcC5 (BC5, 60:40) 
In that case the longer PNIPAM chain is dominating the aggregation behaviour with respect 
to the hydrophilic glyco units and causes the precipitation of block copolymer above Ttr. The 
longer PNIPAM chains may hinder the interaction of water with the glyco part; hence it 
results in a lower solvation of the polymer in water.  
 
Figure 3.3.4. Temperature dependence of the average radius Rh of the aggregates PNIPAM-b-
PMAGlcC5 (BC5, 60:40) determined upon slow heating. 
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Furthermore, DLS results point out different aggregation behaviour (Figure 3.3.4). Similar to 
the results received from sample BC2, bimodal size distribution was observed at room 
temperature, but sample BC5 exhibits a different aggregation behaviour upon heating than we 
obtained from sample BC2. Larger aggregates are formed during heating, in addition to this, 
the bimodal size distribution at room temperature disappears and one very broad peak appears 
above LSCT. Due to these unexpected results received for the PNIPAM-b-PMAGlcC5 (BC5, 
60:40), we have examined the aggregation behaviour by changing measurement process.  
In Figure 3.3.4 results were established from the slow heating process where the data were 
collected by increasing the temperature slowly step by step after inserting the polymer 
solution at room temperature to the light scattering cell. Huge aggregates (200-400 nm) are 
formed as a consequence of slow heating above Ttr (Figure 3.3.4). Contrary the sample that 
was analyzed by cooling down the temperature after a fast heating, created relatively small 
aggregates (40-60 nm). In this process, the sample had been dissolved in water and kept in a 
fridge for a while, then it was immediately inserted to the light scattering cell at 60°C. The 
measurements data were collected by cooling down the solution slowly from 65°C to 25°C 
(Figure 3.3.5).  Combining both UV and DLS results, the model shown in Figure 3.3.6 can be 
proposed to explain the aggregation behaviour of PNIPAM-b-PMAGlcC5 (BC5, 60:40) in 
water. Above Ttr (60°C) PNIPAM chains are hydrophobic and form by the aggregation of 
several block copolymer molecules a core together with the hydrophobic spacer chain of 
sugar moiety. In that case the glyco units can no longer stabilize the aggregates in water since 
they are the minor component in block copolymer. In the slow heating process this leads to 
very large aggregates of up to 400 nm. In the turbidy measurements, due to the higher 
concentration, the large aggregates even precipitate. By decreasing the temperature, PNIPAM 
chains become more hydrophilic and swell, this causes a higher radius Rh value and broader 
distribution of the aggregates around Ttr (38°C ). At that time being, some polymer chains are 
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solvated by water molecules, therefore at the lower temperatures radius Rh value decrease and 
smaller aggregates are formed at room temperature. 
 
Figure 3.3.5. Temperature dependence of the radius Rh of the aggregates PNIPAM-b-
PMAGlcC5 (BC5, 60:40) by cooling after fast heating. 
 
The obtained results regarding the Rh changes with temperature are similar for BC3 for both 
slow heating and fast heating process, however measured Rh values are eight times higher in 
the case of slow heating process. 
 
Figure 3.3.6. Proposed aggregation behaviour of PNIPAM-b-PMAGlcC5 (BC5, 60:40) in 
water. 
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The fact that the fast heating process results in a narrower distribution of aggregates compared 
to the slow heating process originates from so called “viscoelastic effect”. This effect has 
been explained in detail by Zhang and Zu181. Basically this effect is based on chain 
entanglement time (te) and interaction time (tc). It is easy to understand that bigger aggregates 
(~300 nm) are formed by lower heating rate, because the copolymers chains have more 
chance to undergo interchain association before each of them can collapse into a single-chain 
globule. On the other hand relatively smaller aggregates (~ 40 nm) are formed by the fast 
heating rate, since in this case intrachain contraction dominates and the molecules collapse 
easily. Therefore by adjusting the temperature the size of the aggregates can be changed. 
Finally the random copolymer PNIPAM/PMAGlcC5 (RC3,50:50) exhibits no change in 
aggregation behaviour during heating from 25°C to 60°C since introducing the 
glycomonomer randomly cause a very high Ttr value. Polymer solution shows a bimodal 
distribution at room temperature and no change in Rh values has been observed up to 70°C 
(results are shown in Figure 3.3.7). This result also emphasizes that Ttr of PNIPAM plays a 
critical role in aggregation behaviour of amphiphilic block copolymers. 
Figure 3.3.7. Size distributions of the aggregates of the random copolymer 
PNIPAM/PMAGlcC5 (RC3, 50:50) (no change upon heating). 
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3.4. Thin film preparation 
The synthesized glyco block copolymers were employed for plasma immobilization on 
fluorocarbon substrates and subsequent protein adsorption and cell cultivation experiments. 
The interest of this chapter will lay on the glycopolymer film characterization on solid 
substrate.  
Table 3.4.1. Glyco copolymers applied for the thin film preparation 
 
Glyco block copolymers Compositiona) Mn GPC x 10-3 Mn NMR x 10-3 PDI Tc d) 
 mol-% g/mol g/mol  °C 
BC3(PNIPAM-b-PMAGlcC5) 45 : 55 15.2b) 84 1.57b) 38 
BC5(PNIPAM-b-PMAGlcC5) 60 : 40 23c) 34 2.5c) 33.7 
BC6(PNIPAM-b-PMAGlc) 92 : 8 16c) 12 1.6c) 28.2 
 
a)
 Monomer composition in the polymer calculated from integral values of NMR spectra. 
b)
 Determined by GPC system I using PS standards for calibration. 
c)
 Determined by GPC system II using PVP standards for calibration. 
d)
 Critical phase transition temperature determined by turbidity measurements. 
 
Block copolymers having different sugar content were employed with the characteristics 
shown in the Table 3.4.1.  
3.4.1 Thin film preparation by low-pressure plasma 
immobilization 
There are different methods to immobilize polymer thin films on polymer substrates like 
photo activation (UV), electron beam, ion-beam, γ-irradiation and low pressure plasma based 
techniques.182-184 By using these techniques, pre-adsorbed polymer films with a thickness of a 
few nanometers prepared on polymeric substrate can be chemically attached to the substrate. 
This is based on the energetic species created by the energy induced which include ions, 
electrons, radicals, metastables, and photons in the short-wave ultraviolet (UV) range. Here 
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the plasma immobilization method was applied. By adjusting the treatment parameters 
covalent linkage of the polymer to the substrate can be achieved while important properties of 
the immobilized polymer were still preserved.185-187  
Having the application of the thin film in protein and cells experiments in mind, spherical 
glass substrates or square thin glass plates have been used as a solid support. Spherical glass 
substrates were preferred for the cell experiments and square glasses were preferred for the 
protein adsorption experiments in order to facilitate the measurements. It is desired to have 
the polymer thin films attached to the substrates in order to avoid the polymer dissolution in 
aqueous media. Actually thin films of the glycoblock copolymers were prepared in order to 
carry out the cell and protein experiments on them.For specific measurements, however 
silicon wafer substrate were employed. 
Generally thin films were prepared as follows: All the glycopolymers have been fixed on a 
fluorinated substrate before plasma immobilization in order to have stable covalent binding. 
Therefore, first of all Si wafer or glass slides have been coated with a ~ 30 nm layer of Teflon 
AF.188 
The glycopolymer films were prepared from 0.5 mol-% solution of glycopolymer in 
methanol, by spin-coating onto hydrophilized Teflon AF. Finally a stable covalent binding of 
the glycopolymer films to the carriers was achieved by low-plasma immobilization. 
Additionally, the concentration of the polymer solution was varied between 0.5-1 mol-% to 
increase the film thickness. We had to vary the plasma immobilization time from 4 to 10 sec. 
to reach optimum conditions which allow to observe swelling and deswelling cycle of the 
responsive polymer on the substrate. To study, this different immobilization times were 
applied for the glycopolymer BC5.  
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Scheme 3.4.1. Schematic representation of film preparation and resulting composition of the 
investigated samples.  
 
For each experiment it was possible to bind the glycopolymer to the Teflon AF surface 
however the best results were achieved with 6 sec. plasma immobilization time. It is observed 
that 10 sec. immobilization time resulted in a highly crosslinked polymer and therefore no 
switching behaviour from swollen to shrunken state was observed. The thin films of 
glycopolymers which are treated only 6 sec. show the switching behaviour as studied by 
ellipsometry, however, the response is rather slow for the immobilized films.  
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Figure 3.4.1. Light microscope image in differential interference contrast (DIC) of 
glycopolymer BC5 on silicon wafer after extraction. 
 
We have to mention that for each different glycopolymer, immobilization time has to be 
optimized since sugar content of glycopolymer has an effect on the crosslinking process. It 
has been recently showed by Muthukrishnan et. al189. that the absorption bands of the 
hydroxyl groups decrease after plasma treatment while the overall structure of the 
glycopolymer was not affected significantly. Our results support also Muthukrishnan’s 
findings, because XPS results exhibit that the molar ratio of the polymeric elements on the 
substrate are in agreement with the polymer structure.  
The microscope image elucidated that immobilization of the polymer to the surface was 
successful (Figure 3.4.1). The light coloured image (grid) stands for the Teflon AF layer, 
since this part of the sample was masked during plasma immobilization. After extraction, un-
bounded polymer was washed away and Teflon AF retains as the second layer. Darker areas 
indicate the polymer immobilized to the substrate. 
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3.4.2 Characterization of polymer surface  
 
Both sulfated and nonsulfated samples were investigated in detail by elipsometry, AFM, and 
XPS analysis on solid support. Details of each methods are given in the following. 
3.4.2.1. Basics of spectroscopic ellipsometry 
 
Ellipsometry is a very sensitive technique to characterize thin films, and surfaces. 
Ellipsometry measures the change in polarization state of light reflected from the surface of 
the sample. The incident light, whose polarization state is known, interacts with the sample 
and reflects from it. This interaction causes a polarization change of the incoming light. The 
change in polarization state of light is expressed as tan°psi (ψ), relative amplitude ratio, and 
delta (∆), relative phase shift. These values are related to the ratio of Fresnel, Rp and Rs 
realated with p and s- polarized light. See the equation 3.4.1.  
 
Equation   3.4.1                                 ρ = tan(Ψ)ei∆ = Rp/ Rs 
 
However optical polarization data psi and delta are not suitable to characterize the sample 
properties. The important physical data like film thickness or refractive index are determined 
by using measured psi and delta in related equations and fit them to an optical model. All the 
related constant values were found from the literature. The refractive index (n) of the dry 
glycopolymer layer was calculated by using a Cauchy function to describe its wavelength 
dependence. A special thermostated liquid cell allows to determine psi and delta data for films 
emerged in a liquid and temperature dependent.  
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Figure 3.4.2. Optical layer model layer used to analyze the elipsometry data 
 
3.4.2.2 Ellipsometry results 
 
For ellipsometry measurement the polymers which have been plasma treated on the substrates 
were rinsed with methanol to remove all the nonimmobilized polymer. The dry thickness 
(ddry) of the immobilized polymer layers were determined by ellipsometry and varied from 2.5 
to 8.7 nm. Table 3.4.2 shows the thickness of the films prepared from 0.5 mol-% polymer 
solution after 6 Ar plasma treatment. polymer layer after 6 sec plasma time regarding different 
glycopolymers. Furthermore measurements were performed in water to investigate the 
swollen polymer thickness (dswollen) and the thermo dynamic behaviour of the immobilized 
polymer films. It has been already mentioned that we had to optimize the immobilization time 
in order to obtain switchable polymer films. The properties of the formed layers, in 
particularly their swelling characteristic, depend on the immobilization time. In general the 
degree of out off-plane swelling (DS= dswollen/ddry) decreased by increasing immobilization 
time190. 
 
 
 
 
 substrate 
SiO 
Tef AF 
glycopolymer 
      ambient medium 
 
 
 
 
6-12 nm 
20-30 nm 
 
30 nm  
 
1 nm 
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Table 3.4.2. Film thickness of films prepared from mol-0.5% polymer solution after 6 
sec Ar plasma treatment. 
   
 
 
 
 
 
 
 
In the literature it is established that the DS is influenced by cross-linking density or 
immobilization time191 while Ttr of gels is nearly independent of the cross-link density.192 For 
a detailed study polymer (BC5) coated substrates have been exposed to different 
immobilization times. Figure 3.4.3 shows the inverse relation between immobilization time 
and DS; it exhibits that the water content of the gel is reduced by higher crosslinking-density. 
The hydrogel layers become more compact (stiff) with increasing immobilization time due to 
the increase in the cross-linking of polymer chains. Thus water cannot penetrate inside of the 
gel easily and this results in a lower DS. 6 sec. immobilization time has been considered as 
the best result although the hydrogel swells more in the case of 4 sec. immobilization time. 
The reason for that was that polymer was removed from the substrate during the heating and 
cooling process when only 4 sec. were applied, therefore immobilization time for BC5 was 
optimized at 6 sec.    
 
Thickness nm Applied 
polymers Si02 Tef-AF polymer 
BC3 30 20 5.6 – 6.9 
BC5 30 30 4.8 – 8.7 
BC6 30 18 2.5 – 2.8 
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Figure 3.4.3.  Degree of swelling versus immobilization time for BC5 prepared from 0.5 mol-
% solution in methanol on Teflon AF. 
 
On the other hand observed Ttr for the immobilized hydrogel layer was not sharp as the ones 
received from polymer solution. Figure 3.4.4 shows the Ttr of BC5 which has been 
determined by UV turbidity measurements (Ttr=33.5°C) in solution and by temperature 
dependent film thickness measurements by elipsometry in water. The hydrogel film on the 
substrate shows a very broad transition, therefore the evaluation of Ttr is misleading. Heating 
and cooling curves exhibit a thermal hystereses which results 5-8 °C difference on Ttr. Slow 
swelling of BC5 hydrogel could be explained by skin layer formation193 during the deswelling 
process. The dense and stable skin layer at the surface does not led the inner water to diffuse 
out from the gel. However we have to mention that the characterized polymer films showed 
different swelling and deswelling properties even though they were prepared by following the 
same procedure. In some cases polymer thickness changes just linearly upon heating and no 
Ttr could be determined. Many reasons could be suggested for this result. Ttr  of PNIPAM is 
related to the balance between hydrophilic and hydrophobic units of the chain and their 
interactions with water. Therefore mobility of the chains plays an important role for Ttr. After 
plasma immobilization mobility of the polymer chains decreases and that causes difficulties to 
exhibit a clear Ttr for hydrogel films on solid support.  
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Figure 3.4.4. Comparison of the Ttr of BC5 in polymer solution (UV transmittance, square) 
and as hydrogel film (film thickness, circle symbols). 
 
One has to consider that the details of low-pressure plasma immobilization have not been 
fully understood. It is possible that we decrease slightly the amount of the functional groups 
in PNIPAM which are responsible for the Ttr . 
Furthermore, the thickness of the initial polymer layer was increased by varying the polymer 
concentration during spin coating which led to films from 10.9 to 21.4 nm thickness which 
were also subjected to a irradiation process. We avoided to increase the film thickness above 
25 nm due to reduced effectiveness of plasma process for thicker films and the formation of 
some crosslinks within the polymer films.  
As it can be easily seen in Table 3.4.3, that irradiation time does not have a big influence on 
final hydrogel layer thickness, however the irritation time affected the degree of swelling. 
Hydrogels do not swell well in the case of higher irradiation time due to the higher 
crosslinking degree compared to the lower irradiation time; but when we kept the film 
thickness of the spin coated polymer film below 25 nm, the film can be retained after low 
pressure plasma immobilization confirming the success of covalent binding to Teflon AF. 
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In conclusion we obtain surface immobilized switchable hydrogel films which posses sugar 
groups and those could be great candidates for biomedical application. Thus, the plasma 
process can maybe used for the preparation of very thin hydrogel layers covalently attached to 
the substrate.  
Table 3.4.3. Film thickness of BC5 before and after plasma immobilization after 
different irradiation times.  
 
6 second 
irradiation time 
10 second 
irradiation time 
Spin coated 
polymer 
thickness (nm) 
Immobilized 
polymer 
thickness (nm) 
Spin coated 
polymer 
thickness (nm) 
Immobilized 
polymer 
thickness (nm) 
21.3 12.9 20.3 12.8 
18.6 11.3 18.7 11.3 
15.8 10 14.6 9.5 
12.8 8.1 13.6 9.3 
 
3.4.2.3 Sulfation of glycopolymer films 
 
The sulfation process is very important in this study since one of the aims of this work is to 
create heparin like structure on the polymer surface. It is preferred to introduce some –OSO3- 
groups similar to the heparin structure by performing sulfation on solid support. Heparin is a 
well know polysaccharide due to its interaction with many proteins and cell surface GAGs 
which plays a very important role in living systems (see theoretical part for detailed 
information). Therefore, after attaching the glycopolymers to the solid substrate, a sulfation 
process followed: Glycopolymer film treated with excess of sulfur trioxide 
(SO3)/trimethylamine (CH3)3N complex in DMF resulted in sulfated polymers on the 
substrate. The degree of swelling was investigated by elipsometry in detail also after sulfation. 
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One can easily see that the sulfation of the polymer layer caused a much higher degree of 
swelling compared to the non sulfated samples (Table 3.4.4).  
 
 
 
 
 
 
Scheme 3.4.1. General sulfation process of the glycopolymers (BC5) immobilized on 
substrate. 
 
We assumed that sulfation reaction took place mainly on the hydroxyl group at carbon 6 
because it is secondary –OH group which possesses less steric hinderance than the other –OH 
groups but XPS can not prove this assumption due to limitation of the method. Here it worths 
to emphasize the effect of the negative groups (-OSO3-) which are formed after sulfation on 
the polymer character. Degree of swelling increased very strongly from 4.1 to 12 (Table 
3.4.4), after the sulfation process although only a low sulfation degree (10%) was reached. 
Unfortunately the polymer thickness was reduced dramatically after sulfation from 12.8 nm to 
2.6 nm. This result indicates the degradation of the polymer film, however, the overall 
composition of the polymer film is maintained after sulfation (see also XPS results). 
Regarding further experiments on protein adsorption and cell adhesion, one could have doubt 
if the very thin films are stable and if the high degree of swelling might cause a further 
detachment of the polymer film from substrate. But we could verify that the swelling of the 
thin sulfated films is reproducible and no further decrease in film thickness upon repeated 
swelling was found. Thus we consider these highly polar hydrogel layers as suitable for 
further studies with regard to biomedical application.  
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Table 3.4.4. Film thickness and DS of BC5 before and after sulfation of immobilized 
polymer on solid substrate. 
 
 
 
 
 
 
 
 
 
 
Similar to some other non sulfated hydrogel layers (not shown), Figure 3.4.5 points out a 
linear decrease and increase of the film thickness versus temperature in water. We have 
already mentioned that in some cases, no typical Ttr has been observed by ellipsometry. Thin 
films (2.6 nm) can be penetrated by the ambient water from the side of the hydrogel layer 
much easier than the thicker layers.  However hydrogel films swell very well at room 
temperature and a clear decrease on polymer thickness upon heating in water was exhibited in 
each case. 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4.5. Film thickness of sulfated polymer (BC5) as thin immobilized film during 
heating and cooling (left), change in refractive index at 631 nm (right). 
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Figure 3.4.5 gives also information about refractive index which increases by heating and 
decreases by cooling. This must be related with the adsorbed water in the hydrogel layer. 
Refractive index of the hydrogel decreases with higher water content and this shows reverse 
behaviour as compare to the swelling. 
3.4.2.4. Basics of XPS method 
 
X-ray photoelectron spectroscopy (XPS) is a highly surface specific analytical technique 
based on the photoelectric effect. Each atom in the surface has a core electron with a 
characteristic binding energy. When an X-ray beam directs to the sample surface, the energy 
of the X-ray photon is adsorbed completely by the core electron of an atom. If the photon 
energy, hv, is large enough, the core electron will then escape from the atom and emits out of 
the surface. The emitted electron with the kinetic energy of Ek is referred to as the 
photoelectron. Energy of the photoelectrons leaving the sample is determined using CHA 
(concentric hemispherical analyser) and this gives a spectrum with a series of photo electron 
peaks. The binding energy of the core electron is characteristic for each element and is given 
by the Einstein relationship: 
 
Equation 3.4.2                                       Eb = hv – Ek –  
 
Where hv is the X-ray photon energy, Ek is the kinetic energy of photoelectron, which can be 
measured by the energy analyzer; and  is the work function induced by the analyzer, about 
4~5eV. Since the work function, , can be compensated artificially, it is eliminated, giving the 
binding energy as follows 
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Eb = hv – Ek 
 
Figure 3.4.6. Electron binding energies. 
 
The core electron of an element has a unique binding energy, which seems like a 
"fingerprint". Thus almost all elements except for hydrogen and helium can be identified via 
measuring the binding energy of its core electron. Furthermore, the binding energy of core 
electron is very sensitive to the chemical environment of the element. When the same atom is 
bound to the different chemical species, a change in the binding energy of its core electron 
results. This effect is termed as "chemical shift", which can be applied to study the chemical 
status of elements near the surface 
3.4.2.5. XPS results of polymer thin film 
 
The blockcopolymer BC3 immobilized on Teflon AF before and after sulfation was analyzed 
by XPS. Besides the elements carbon, oxygen, and nitrogen expected for the PNiPAAm-b-
MAGlcC5 polymer, the wide-scan XPS spectra of the sulfated and non-sulfated samples show 
small traces of fluorine appearing from the plasma-modified Teflon-AF layer. Taking into 
account that the information depth of the XPS method is not more than 8 nm, the detection of 
fluorine indicates very thin PNiPAAm-b-MAGlcC5 films or the films do not completely cover 
the substrate material. After sulfation of the polymer surface the polymer thickness decreased 
due to the chemical treatments, therefore it is expected to see trace of the Teflon AF layer in 
XPS measurements. 
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The high-resolution C 1s spectra (Figure 3.4.7) of the PNiPAAm-b-MAGlcC5 coated sample 
were deconvoluted into five component peaks (A, B, C, D, and E) agreeing with the 
stoichiometry of the PNiPAAm-b-MAGlcC5 polymer BC3 (I). Component peak A shows 
saturated hydrocarbons (CxHy). Usually, this component peak also includes the majority of 
surface contaminations. The two component peaks C and D results from the grafted 
monosaccharide unit. Their intensity ratio of [C]:[D]|C 1s = 6:1 excellently agrees with the 
stoichiometric ratio for the covalently grafted monosaccharide units. Component peak E 
represents the amide carbon (O=C–NH) of the PNIPAM polymer. The corresponding amine-
side C–N bonds and the carbon atoms in β-position to the highly electronegative amide 
carbon atom are shown in component peak B. Its fractional area is the double of the 
component peak E’s and excellently agrees with the double of the [N]:[C] ratio calculated 
from the wide-scan spectra. 
 
Figure 3.4.7. High-resolution C 1s spectrum of a non-sulfated PNiPAAm-b-MAGlcC5  (BC3) 
film on a Teflon-AF substrate. The assignment of the component peaks is shown in the 
structural formula on the right and explained in the text. The C 1s spectrum of the sulfated 
samples largely agrees with the spectrum shown here. 
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Four further component peaks T1, T2, T3 and T4 appear from the fluorinated Teflon-AF 
polymer. The component peaks T1 and T2 show the presence of CF2 and CF3 groups, while 
component peaks T3 and T4 probably appear from O–C–F and F3C–(O)C(O)–CF3 groups, re-
spectively. Component peak T4 can also shows oxidized monosaccharide species, e.g. COOH 
groups which are typically found on polysaccharide surfaces194, 195. The C 1s spectrum of the 
sulfated sample does not show significant changes in its shape. Hence its deconvolution 
agrees with the C 1s spectrum of the non-sulfated sample. 
Table 3.4.6. Intensity ratio of the elements on the polymer substrate as determined by 
XPS 
 Non-sulfated polymer Sulfated polymer 
[O]:[C] 0.393 0.449 
[N]:[C] 0.090 0.095 
[S]:[C] - 0.020 
 
The success of the sulfation reaction can be seen by the appearance of the two sulfur peaks (S 
2p and S 2s) in the wide-scan XPS spectrum after sulfation of the PNiPAAm-b-MAGlcC5 
film. No sulfur element was observed for the nonsulfated polymer film even through the 
polymer chains are ended with thio-based CTA. One can assume the sulfur amount is too low 
to be detected. This result is a further proof of the successful sulfation reaction. The degree of 
sulfation is calculated to be 10% from the XPS results which corresponds to one sulfate group 
for two sugar repeating units. These obtained results allow us to state that heparin like 
structures are created on solid support, because heparin also carries one sulfate group per two 
repeating sugar units. 
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Figure 3.4.8. High-resolution S 2p spectra of a non-sulfated (a) and sulfated (b) PNiPAAm-b-
MAGlcC5 (BC3) film on a Teflon-AF substrate. 
 
Figure 3.4.8. shows the high-resolution S 2p spectrum of the sulfated sample compared with 
the S 2p region of the non-sulfated sample. The S 2p spectrum is a composite spectrum of 
photoelectrons appearing from the S 2p3/2 and S 2p1/2 orbitals having a binding energy 
difference of ∆BE = |BE(S 2p3/2) – BE(S 2p1/2)| = 1.18 eV and an intensity ratio of [S 2p3/2]:[S 
2p1/2] = 2:1.  
The binding energy of the S 2p3/2 peak (BE = 168.85 eV) is very typical for the highest oxida-
tion state of sulfur which is found, e.g. for half-esters of the sulphuric acid (R–O–SO3). The 
maintenance of the highest oxidation state of the sulfur component makes sure that the 
sulfation reaction takes place as esterfication. A redox reaction would oxidize the PNiPAAm-
b-MAGlcC5 polymer and simultaneously reduce the sulfur species. 
3.4.2.6 AFM 
 
The morphology of the thin films have been examined by AFM before and after the sulfation 
process. The results before sulfation for GP2 block copolymer do not reveal significant phase 
separation, which could be expected due to the nature of block copolymer. On the other hand 
images indicate an increased roughness in the case of the sulfated polymer which involves 
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chemical modification of –OH groups to –OSO3- (Fig. 3.4.9). It has been already mentioned 
that the sulfation process causes a strong decrease of the polymer layer thickness. Therefore it 
is expected to observe a higher roughness. After the sulfation process the image becomes 
darker, this could suggest that the surface becomes softer due to the repulsion of negatively 
charges atoms; however we cannot present any further prove for that assumption. It also has 
to be mentioned that small holes are evident due to sulfation process. However this did not 
affected the ellipsometry measurements, in addition, the cell and protein experiments were 
performed successfully on both sulfated and nonsulfated surface without any problem. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4.9. Topology and phase 
image of surface immobilized 
glycopolymer (BC5) by AFM after (a) 
and before sulfation (b) 
 
Mean roughness: 
 
Nonsulfated surface: Ra= 0.43 nm 
Sulfated surface : Ra= 0.74 nm 
0                               1µm   0       1µm  
Height  5.00 nm 
0                               1µm   0       1µm  
Height  5.00 nm 
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3.5. Protein and cell studies on glyco polymer films 
After the glycopolymers were successfully introduced as thin films on solid substrates, we 
focused on the study of their interaction with specific proteins and cells. Especially, 
differences between the sulfated (heparin like) and non sulfated polymer films were of high 
interest. 
3.5.1 Protein and cell interaction  
 
The extracellular matrix (ECM) is composed of polymeric networks of several types of 
macromolecules. The major types of macromolecules are fibrous proteins, such as collagen, 
elastin, fibrillin, fibronectin, laminin, and hydrophilic hetero polysaccharides, such as 
glycoseaminoglycan. These components are in many cases secreted by cells. Cell interactions 
with polymers are usually studied using cell culture techniques. For most surfaces, cell 
adhesion requires the presence of serum and supplements therefore, this optimum is probably 
related to the ability of proteins, such as fibronectin to adsorb to the surface.196 
3.5.1.1. Fibronectin (FN) adsorption on polymer surface 
 
FN plays a critical role in mediating cell adhesion via integrin receptors. Since cell adhesion 
and proliferation investigation on the glycopolymer films are planned, first FN adsorption 
studies were performed and evaluated by HPLC. Actually, HLPC technique was performed 
for the amino acid analysis which has been obtained after hydrolysis of adsorbed protein on 
the polymer surface. The polymer coated samples were fixed in a home–built immobilization 
chamber to guarantee the contact of the protein solution with well-defined surface areas. A 
solution of 20 µg/ml FN in PBS was prepared. The samples were placed in 0.4 ml of this 
protein solution and left in room temperature for 1h. After rinsing three times with PBS and 
once with MiliQ, the FN-adsorbed carriers were subjected to vapour phase hydrolysis with 6N 
HCl + 1% Phenol at 110°C for 24 h under reduced pressure.197,198 After hydrolysis, the 
generated primary amines of the amino acids formed fluorescent isoindol derivatives with 
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ortho-phthalaldehyde (OPA) as described in literature.199 Subsequent amino acid analysis of 
the hydrolysed samples was performed with a HPLC system. 
Table 3.5.1 shows the results of FN adsorption on glycopolymer film. These results indicate 
that sulfated polymer has a negative effect on the protein adsorption, that could be explained 
by the negative charge of sulfated polymer and the isoelectric point (pI) of FN. The (pI) is the 
pH at which a protein carries no net electrical charge, at a pH below the (pI), proteins carry a 
net positive charge while above they carry a net negative charge. FN carries negative charge 
at the physiological pH (pH=7.4). This allows us to explain the lower FN adsorption on 
sulfated (negatively charged) polymer. Repulsion of two negatively charged molecules results 
in a lower protein adsorption on the surface. Basically protein adsorption on a polymers 
surface is related to electrostatic, and hydropobic interaction. A detail investigation of FN 
adsorption on different polymer surfaces has been studied by Renner et.al200,201. 
 
Table 3.5.1. Amount of FN absorbed on sulfated and non sulfated polymer (BC5) via 
HPLC analysis 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Sulfated polymer Nonsulfated polymer 
FN adsorption 
(µg/cm2) 0.142 0.247 
 0.150 0.299 
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Scheme 3.5.1 Repulsion of negatively charged groups result in low fibronectin adsorption on 
sulfated polymer film. 
3.5.1.2. FGF and FGFR interactions 
 
Glycosaminoglycans (GAGs) are negatively charged polysaccharides composed of repeating 
disaccharides units. GAGs are normally found as proteoglycans (PGs) composed of one or 
more polysaccharide chains attached to core protein.114 Heparin and heparan sulfate (heparin-
like glycosaminoglycans, HLGAG) serve important biological functions by binding to 
different growth factors like basic fibroblast growth factor (bFGF) and vascular endothelial 
growth factor (VEGF) to promote their endothelial capillary network initiation.116 HSPGs can 
link to the plasma membrane and can interact with the cell by non-covalent linkage to 
different cell-surface macromolecules. Additionally, interaction of free sulfated GAGs or 
soluble HSPGs with the cell surface can lead to intracellular signalling and modulation of 
gene expression.115 The proangiogenesis effects of series of saccharides and synthetic 
oligosaccharide have been widely studied.116 The presented results indicate that chemically 
defined synthetic oligosaccharides can play an important role in the regulation of capillary 
structure and stability, which may contribute to future advances in therapeutic angiogenesis. It 
is interesting to note that the binding of the same growth factor to different HSPGs may have 
different biological consequence depending on the molecular weight of HS.126 Yayon et. al.125 
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reported that HS is necessary for FGF binding to its cell surface receptor. In contrast Roghani 
et. al.131 has shown that FGFRs retain the capacity to bind FGF-2 also in absence of heparin. 
From these considerations it derives that heparin-like molecules can be used to modulate the 
biological activity of heparin-binding angiogenic growth factors and furthermore they are able 
to affect differently the biological activities of angiogenic growth factors.202-207 Folkman et al. 
present many interesting results in that concept, claiming that either an increase or decrease in 
the angiogenic defence can alter the rate of cancer progression.208 
We studied endothelial cell (EC) behaviour on both sulfated and non sulfated polymer surface 
for better understanding of the ternary (FGF, FGFR, HSGAG) complex interaction on cell 
surface. For that purpose all the EC experiment were carried out in absence of any supplement 
and using no serum in the cell medium to avoid any side effect on the cell growth. 
3.5.1.3. FGF absorption 
 
Quantification of the adsorbed bFGF amount on the polymer surface has been determined by 
measuring the radioactivity. For this purpose basic FGFs are labeled before experiments 
because, this method is much more precise than the HPLC analysis and one can detect a very 
low amount of protein. Different concentrations (10,5, 2.5 µg/ml ) of the FGF have been 
studied for protein adsorption on polymer surface to optimize the conditions. Concentration of 
10µg/ml bFGF seem to be well suited since they show the difference between the sulfated and 
nonsulfated surfaces very clearly, while in the case of 5, 2.5 µg/ml bFGF, preference of the 
sulfated surface was not obvious. The experiments were carried out at room temperature and 
at 37°C due to different surface characteristic of the polymer film at different temperature. It 
has to be admitted that the thickness of polymer films were reduced after sulfation process 
due to the chemical treatment. The non-sulfated polymer films are around 6-7 nm whereas 
sulfated films are around 2-3 nm. Thus, one has to keep in mind possible effects caused by 
different film thicknesses. Figure 3.5.1 indicates a higher bFGF adsorption  on sulfated 
polymer in both cases (RT, 37°C). This finding fits well with former experiments on FGF-
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FGFR-heparin interaction. One could notice a difference of bFGF adsorption at 37°C and RT. 
Experiments carried out at 37°C provide slightly higher bFGF adsorption for each sample and 
also for different bFGF concentrations. These observations allow us to assume that the bFGF 
absorption on a polymer film is not due to a non-specific process where one should find a 
higher bFGF adsorption on RT sample. We know from previous ellipsometry studies that at 
RT polymer films are swollen and posses higher thickness whereas they are shrunken and 
thinner at 37°C. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5.1. Comparison of FGF adsorption on the BC5 regarding sulfated (a), and non-
sulfated (b) surfaces. 
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Due to the polymer characteristic at higher temperature, one can assume that the 37°C 
samples present the sugar (heparin-like structured) side chains more towards the surface than 
the RT samples since the PNIPAM chains are collapsed. Above LCST, PNIPAM chains are 
collapsed and do not hinder the sugar part to be recognized by cell surface molecules like 
FGF. Therefore the FGF experiments were carried out by taking in to account their specific 
cell surface FGF-FGFR-heparin interaction. From this point of view, the sulfation process 
seems to be successful to achieve heparin like structures on the polymer surface.  
3.5.1.4 FGF release 
 
Growth factors show their biological activities mostly at low concentrations like 5 ng/ml 18. 
Thereby, it is not required to have high concentration of FGF for cell growth. Some set of 
experiments were performed on FGF release. FGF is loaded to each sample at RT and 
cultivated one day, followed by increasing the temperature to 37°C and observation of the 
amount of released FGF from the polymers surface. Figure 3.5.2 shows that both sulfated and 
non sulfated samples give similar results, because the releasing character should be 
considered as a function of the thermo-responsive PNIPAM block. The results obtained with 
10µg/ml FGF indicate that approximately 45% of FGF is released by rising the temperature 
from RT to 37°C which corresponds to 80 ng/cm2.  Therefore, delivery of the factor at  higher 
temperature (37°C) may show better cell growth on polymer substrate.  
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Figure 3.5.2. Release of FGF from sulfated and nonsulfated glycopolymer (BC5) surface 
using different FGF concentrations for incubation.  
 
However we were not satisfied with those results and we performed further experiments with 
hematopoietic progenitor cells (HSC) to proof formation of heparin like structures on the 
polymer film surface. 
3.5.2 Cell experiments 
 
3.5.2.1. Endothelial cell (EC) cultivation  
 
After receiving promising results from the protein adsorption experiments further experiments 
were performed with different kind of cells in order to understand better the adhesion 
mechanism to both the sulfated and non-sulfated polymer surface. First we will deal with the 
results from the EC in different cultivation conditions.  
Glycopolymer BC5 immobilized to Teflon AF (see Table 3.4.1) has been chosen for EC 
cultivation. Additionally similar experiments have been repeated with the other 
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glycopolymers (BC5, BC6) to confirm the results. Three different cultivation processes 
(method) have been followed for that purpose. 
3.5.2.1.1 Cell cultivation on polymer film with FN and without FGF (FN+, FGF-) 
Cultivation (type c) of EC on the polymer surface which was preadsorbed with FN does not 
clarify the role (importance) of glycohydrogel for cell proliferation. EC cells adhered to both 
sulfated and non-sulfated surfaces with similar affinity in 2 h. In the literature it has been 
emphasized that FN plays an important role in ECM interactions and promotes the cell 
adhesion to surface. However the sulfated glycopolymer exhibited a positive effect on EC 
cultivation after 5 days. The obtained results (not shown) from the phase contrast microscope 
images show that the cells still proliferate on sulfated polymer surface while apoptosis of 
most of the cells takes place on the nonsulfated surface after 5 days. 
3.5.2.1.2 Cell cultivation on polymer film without FGF and FN (FN-, FGF-) 
In a second set of experiments Human Umbilical Vein Endothelial (HUVEC) were seeded on 
the polymer surface without any FGF and FN in the cell medium to avoid any other effect on 
cell adhesion to polymer surface. In that case the results should depend only on the 
characteristic of the polymer surface. According to Figure 3.5.3, EC adhesion on sulfated and 
nonsulfated polymer surface is different. These results indicated the importance of the 
sulfated polymer. EC cells did not adhere or proliferate on nonsulfated surface although they 
adhere well in 2 h to the sulfated surface. HUVEC managed to proliferate over 2 days under 
these conditions. This could be explained by non covalent interactions of the synthetic 
glycopolymers with molecules on the cell surface suited for heparin binding. They are  
glycoprotein receptors for various cell adhesion molecules which allow the non covalent 
interaction (electrostatic, steric, van der Waals and hydrophobic forces209) with the glycounits 
of the polymer film.  
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Figure 3.5.3. Phase contrast images of EC cultivation (FGF- FN-) on sulfated and nonsulfated 
polymer (BC5) surface after 2h, 18h, 2 days showing the positive effect of sulfation.                                                                                                                                              
Image scale: 1350x1013µm2. 
3.5.2.1.3. Cell cultivation on polymer in the presence of FGF without FN (FN-, FGF+) 
HUVECs have been cultivated on the polymer surfaces also in the presence of FGF but 
without FN in order to investigate and compare their affinity to sulfated polymer surface. The 
phase contrast images shown in Fig. 3.5.4, reveal the effect on cell proliferation. Cells 
adhered to the sulfated surface, on the other hand the cells died on the nonsulfated surface 
immediately. It was possible to cultivate the cells over 3 days under these restricted condition 
Sulfated polymer Nonsulfated polymer
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but only on the sulfated polymer films. Generally cells adhere and proliferate slightly better in 
the presence of FGF than without. During cultivation, cells migrate to come closer to each 
other and tend to elongate to give a ring like structure. This observation has been also 
confirmed by the K. Park210. It is known that heparin like structures can effect the FGF signal 
transduction in different ways depending on the type of saccharide and cultivation method.  
Results (not shown) with BC6 indicate that the amount of saccharide in hydrogel does not 
have a big influence on FGF interaction. HUVECs adhered and proliferated well also on the 
sulfated polymer (BC6) film similar to the former experiments with BC5.  
Cultivation with HUVECs and also FGF adsorption experiments, indicate a specific FGF, 
FGFR and heparin-like structure interaction on the polymer surface in the cell medium at 
37°C. These findings motivated us to look in more details in the FGF interactions with 
heparin like structure on the polymer surface. 
We decided to perform further experiments by using another kind of cell type in order to 
prove this assumption. Thus, we continued to investigate the adhesion characteristics of cells 
to the polymer with hematopoietic progenitor cells (HPC). 
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Figure 3.5.4.  Phase contrast images of EC cultivation (FGF+ FN-) on sulfated and 
nonsulfated polymer (BC5) surface after 2h, 2 days, 3 days Image scale: 1350x1013µm2. 
 
3.5.2.2 Hematopoietic progenitor cells (HPC) cultivation 
 
The selectins, L,E and P, are a family of heparin-binding proteins which mediate the initial 
adhesive events.113,211,212 Much attention has been paid to explore their interactions with 
carbohydrates since selectin interactions are implicated in many disease states. Therefore 
researchers are putting a lot of effort to find heparin-like molecules for using them as 
competitive inhibitors to block these interactions.213,214  
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HSC are stem cells and the early precursor cells which give rise to all the blood cell types. 
These cells do not need to adhere to a surface to proliferate, they usually tend to swim in the 
cell medium as long as they are not attracted by a surface. In this study HSC have been used 
for a better understanding of the cell adhesion character to the selected (sulfated and non-
sulfate polymer) surface by using the function of the selectins on the HSC surface. A series of 
experiments on both surfaces with CD62l (blocking-antibody) and IgG (non-blocking 
antibody) were carried out. For the cell adhesion to the glycopolymer surface, several 
mechanisms could be offered. Adhesion could be mediated by the growth factors or cell 
surface molecules. Therefore we avoid any supplement and serum in cell medium. The L-
selectin on the cell surface was modified by blocking (CD62L) or non-blocking (IgG) 
antibodies. Modification with the CD62L antibody should prevent adhesion of the cells to the 
heparin-like polymer surface. This was also observed and only a very low fraction of the used 
cells (7%) were found to adhere to the surface ( Figure 3.5.5). 
 
 
 
 
 
 
 
Scheme 3.5.2. Model of the blocking effect of the CD62L on the L-selectin on cell surface  
 
 
In the case when the cells were incubated with non-blocking (IgG) antibody, HPC adhered 
well on the sulfated heparin-like polymer surface. Figure 3.5.5 point out the different 
characteristics of HPC adhesion, after 1 day of incubation time. Cells with blocked L-selectin 
tend to adhere on nonsulfated samples while they show no affinity to the sulfated polymer 
surface. These findings indicate a different adhesion mechanism on the nonsulfated polymer 
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surface. After 1 h incubation CD62L-blocked cells started to adhere and to migrate on non-
sulfated polymer surface, however, almost no adhesion was observed on sulfated surface with 
CD62L-blocked cells. In this case cells move in the cell medium instead of adhering. On 
nonsulfated polymer surface, adhesion has to be promoted by any other interaction between 
cell surface molecules and glycopolymer, because it can not be expected that L-selectin 
provides adhesion to surface since it is blocked by CD62L.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5.5. Specificity of HPC adhesion after 24h of cultivation time without any 
supplement in cell growth medium (no FN, no serum) on sulfated and nonsulfated 
glycopolymer (BC5). 
 
On the other hand, HSC experiments with antibody on sulfated polymer, support the idea we 
have already form FGF experiments that our sulfated polymers serve similar function as 
heparin. It can be clearly seen that, the fraction of the adherent CD62L-blocked cell on 
sulfated substrate is much lower than the non-blocked ones with IgG antibody. 95% of the 
non-blocked cell adhered well to sulfated surface whereas only 7% cell adhesion was 
observed on the same surface with CD62L-blocked cells. Regarding all the results we have 
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from FGF  adsorption and cell cultivation on sulfated and non-sulfated glycopolymer, we can 
propose that the sulfation process was successful to imitate the role of heparin.
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4. Summary and Outlook 
 
In this study new glycomonomers 3'-(1',2':5',6'-di-O-isopropylidene-α-D-glucofuranosyl)-6-
methacrylamido hexanoate (MAIpGlcC5) and 3'-(1',2':5',6'-di-O-isopropylidene-α-D-
glucofuranosyl)-6-methacrylamido undecanoate (MAIpGlcC10) with hydrophobic spacer units 
were synthesized and their homopolymers as well as random copolymers with N-
isopropylacrylamide (NIPAM) were prepared in different compositions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1. Chemical structures of the sugar containing monomers. 
 
The acidolysis of the isopropylidene protection groups of the polymers gave well-defined 
sugar-containing water-soluble homopolymers (PMAGlcCn, n = 5, 10) and copolymers. By 
using the reversible addition-fragmentation chain transfer (RAFT) process it was possible to 
afford these copolymers with a polydispersity index (PDI) of 1.1 - 1.5. Furthermore, NIPAM 
homopolymers with an active chain transfer unit at the chain end could be prepared by RAFT, 
which were used as macro-chain transfer agents to prepare a variety of sugar containing 
responsive block copolymers from new glycomonomers by the monomer addition concept. 
The cloud points of the aqueous solutions of the copolymers were strongly affected by the 
comonomer content, spacer chain length of the glycomonomer and the chain architecture of 
CH2
H
O
O
O
O
O
O
O
CH2
CH3
O
O
O
O
O
O
O
CH2
CH3
O
NH
CH2
O
O
O
O
O
O
O
(      )n
AIpGlc                                        MAIpGlc
MAIpGlcC5   (n=5)
MAIpGlcC10 (n=10)
4. Summary and Outlook   102 
the copolymers. Especially by the block copolymer concept, glycopolymers with LCSTs in 
the physiological interesting range could be realized. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2. Temperature dependent UV transmission (at 650 nm, in water) from turbidity 
measurement for different random and block copolymers 
 
 
The LCST behaviour of polymers was investigated by UV/vis turbidy measurements and the 
results show that Ttr is strongly affected by the copolymerization type and composition. In the 
random copolymers, Ttr increases or decreases drastically with increasing glycomonomer 
content while in the block copolymers Ttr shifts only slightly indicating phase separation in 
the block copolymers. These results show that the desired Ttr value can be reached by 
adjusting spacer chain length in the glycomonomers, sugar content of the polymers or 
copolymerization type. Thus, solubility studies, GPC and NMR results and the temperature 
dependent behaviour prove the successful formation of new thermoresponsive block 
glycocopolymers having a critical transition temperature in the physiological interesting 
range.  
Furthermore solution properties of these obtained amphiphilic block copolymers have been 
investigated by Dynamic Light Scattering (DLS) in aqueous solution. The received Rh values 
confirm the existence of thermo-responsive aggregates. At room temperature larger 
aggregates exist, however by increasing the temperature the size of aggregates decreases and 
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the distribution becomes more narrow where the glyco content is higher than mol-50% in 
copolymer chain. That could be explained by taking into account the LCST of PNIPAM. 
Above LCST, PNIPAM blocks change from coil to globule structure, therefore more compact 
aggregates were observed at higher temperatures. On the other hand, aggregation behaviour 
changes regarding the heating process. In the case of slow heating, polymer chains result in 
larger aggregates compared to fast heating process. This finding could be explain by 
“viscoelastic effect” which is based on relation between chain entanglement time (te) and 
interaction time (tc). 
As a second goal, these prepared block and random copolymers were immobilized on a solid 
substrate by low pressure plasma immobilization. The thermo-responsive behaviour of the 
copolymers on the substrate was investigated by ellipsometry. In addition, a sulfation process 
has been carried out in order to have a heparin like structure on the surface. XPS results 
confirmed that sulfur is bonded in the highest oxidation state as sulfate (R-O-SO3-).  
This study continued by incubation of Human Umbilical Vein Endothelial Cell (HUVEC) on 
both sulfated and non-sulfated glycopolymer film. The results reveal that cells proliferate well 
on the sulfated polymer surface without any serum, protein, and FGF addition. However cells 
die quickly on non-sulfated glycopolymer (Figure 4.3). 
        a)         b) 
 
 
 
 
 
 
 
 
Figure 4.3 Phase contrast microscopic images of cell adhesion and proliferation of HUVEC 
on PN2-b-PMAGlcC5 polymer thin film at 37°C after 48 hours on a) non-sulfated polymer b) 
sulfated polymer. Image scale: 1350x1013µm2. 
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Furthermore cell experiments were repeated with hematopoietic stem cells (HSC) to clarify 
the specific interactions between heparin-like glyco polymers and the cells. L-selectin located 
at the cell surface is known for its affinity to heparin. Therefore HSC were cultivated on two 
sulfated glycopolymer films for better understanding the adhesion forces to the sulfated 
polymer surface. In one case L-selectins have been blocked by using special (CD62L) 
antibody which binds selectively to the L-selectins on the cell surface. In the other case 
nonspecific antibody (IgG) was added to the cell medium as a reference. After one hour 
cultivation time, 90% of the cells do not show any adhesion to the polymer surface when the 
cell’s selectins have been blocked by CD62L antibody, whereas almost all the cells adhered 
well to the polymer surface in the case of no blocking antibody effect. These results 
encouraged us to consider selectin-heparin like interaction of our glycopolymers. 
These new synthesized bioactive thermo-responsive materials have a very large application 
potential due to their stimuli response and glyco functionality. Glyco function could be used 
for the selective recognition of GAG on cell surface. Additionally these bioactive materials 
could be further investigated in order to achieve a cell-specific drug targeting. Furthermore 
they could be used to improve controlled cell growth depending on the adsorbed FGF amount. 
The FGF adsorption on the glycopolymer films will relate to the Ttr of the glycopolymer.  
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5. Experimental Part 
 
5.1. Methods and materials  
NIPAM was purchased from Across, recrystallized from hexane, and dried under vacuum 
prior to use. 2,2'-Azobisisobutyronitrile (AIBN) and 4,4'-azobis(4-cyanopentanoic acid) 
(ACPA) were precipitated from ethanol. 2-Cyanoisopropyl dithiobenzoate (CIDB) was 
prepared according to a previously reported procedure.215 S-(Thiobenzoyl)thioglycolic acid 
(STBGA) (99%, Aldrich) was used in combination with ACPA as chain transfer agent (CTA). 
4-(Dimethylamino)pyridinium-4-toluenesulfonate (DPTS) was synthesized by following the 
procedure of Moore and Stupp.216 Acryloyl chloride (97%), methacryloyl chloride (97%) and 
methacrylic anhydride (94%) were purchased from Aldrich. 6-Aminohexanoic acid (98%, 
Fluka) and 11-aminoundecanoic acid (98%, Fluka) were used for spacer group preparation. 
1,2:5,6-Di-O-isopropylidene-D-glucofuranose (98%, Aldrich) was used for the synthesis of 
protected glycomonomers. If not mentioned differently, the compounds were used without 
any further purification. Dry dimethylformamide (DMF), anisole and dioxane were distillated 
and purged with nitrogen before using them as reaction solvent. 
Teflon AF1600TM solution (6% wt/wt)188 was purchased from DuPont. Teflon AF is an 
amorphous copolymer based on 2,2 bistrifluoromethyl-4,5-difluoro-1,3-dioxole and 
tetrafluoroethylene. FC75, a fluorocarbon solvent for Teflon AF, was obtained from 3M. Spin 
coated polymer films on substrates have been cross-linked by low pressure argon plasma 
immobilization. Argon (99.999%, Meser Griesheim, Germany) was used to operate the 
plasma apparatus. Deionized (DI) water was obtained from a Barnstead Easypure RF system. 
Phosphate buffer saline solution (PBS) was prepared by dissolving the tablet (Aldrich) in DI 
water. Fibronectin (FN) was purified from adult human plasma according to the protocol of 
Brew et al217. Basic FGF (bFGF) was purchased from Sigma-Aldrich (Munich, Germany). For 
the measurements with labelled FGF, 125I-FGF was purchased from GE Healthcare UK. , 
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additionally original unlabelled FGF was obtained from Preprotech. Two different cell types 
were grown in culture on the polymer coated substrates: Human Umbilical Vein Endothelial 
Cells (HUVEC) and human hematopoietic stem cells (HPC). HUVECs were collected 
according to the procedure suggested by Weis et al218, HPC received from healthy volunteers 
from the Krankenhaus St.Joseph-Stift Dresden were mobilized by G-CSF and harvested by 
standard leukapheresis after informed consent. ECGM cell growth medium (Promocell, 
Heidelberg, Germany) was used for cultivation of both HUVEC, HPC.  
 
5.2. Analysis and measurements 
 
5.2.1. Gel Permeation Chromatography (GPC) 
 
Molecular weights and molecular weight distributions were determined by GPC in different 
solvents since the polymers have different solubility (see tables). Three different GPC systems 
were used for the characterization.  
5.2.1.1. GPC system I  
(University Bayreuth): two PSS GRAM 7µm, 1000 and 100 Å columns thermostated at 70°C; 
Waters 486 UV detector ( λ =270 nm) and Bischoff RI-detector 8110. 50 µL of the sample 
diluted in 1-methyl-2-pyrrolidone (GPC solvent: NMP, containing 0.05 M LiBr) were injected 
at a flow rate of 1 mL/min. Linear PS standards were used for calibration.  
5.2.1.2. GPC system II  
Two Zorbax PSM Trimodal-S columns at room temperature, Agilent Tech: HP 1100 binary 
pump and RI detector. Dimethylacetamide / 2% H2O / 3g/l LiCl was used as elution solvent 
with a flow rate of 0.5 ml/min. Calibration was made with PVP standards.  
5.2.1.3. GPC system III: 
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Two PL MIXED-C columns at room temperature, Knauer HPLC pump 64, differential 
refractometer and Wyatt Technology Dawn Eos multi angle light scattering detector. The 
samples were dissolved in THF and eluted with a flow rate of 1 ml/min.  
5.2.2. Nuclear Magnetic Resonance (NMR) Spectroscopy 
 
500.13 MHz 1H NMR and 125.74MHz 13C NMR spectra were recorded on a DRX 500 NMR 
spectrometer (Bruker) at 303 K. Deuterated dimethyl sulfoxide (DMSO-d6, δ(1H) = 2.50 ppm; 
δ(13C) = 39.6 ppm) or D2O were used as a solvent. The spectra recorded in D2O solutions 
were referenced on the internal standard sodium 3-(trimethylsilyl)-propionate-d4 (δ(1H) = 0 
ppm; δ(13C) = 0 ppm). The temperature was controlled by the Bruker variable temperature 
accessory BVT-3000 and was calibrated using the standard Wilmad ethylene glycol sample.  
5.2.3. Elemental Analysis 
 
The elemental analyses were performed by MEDAC LTD (United Kingdom). 
5.2.4. Ultraviolet (UV-visible) Spectrum  
 
UV-vis spectra turbidity measurements were obtained from a Varian Cary 100. The polymer 
was prepared as 8mg/ml solutions in deionized water or phosphate buffer solution (PBS, 
Sigma). The solutions were filtered before placing them in the measuring cell. Each single 
measurement was detected after 3-5 min equilibrium of temperature. The transmittance at 650 
nm was evaluated. The critical phase transition temperature Ttr of the polymer was determined 
as the inflection point of the transmittance versus temperature curve. 
5.2.5. Dynamic Light Scattering (DLS) 
 
A commercial laser light scattering (LLS) spectrometer (ALV/DLS/SLS-5000) equipped with 
an ALV-500/EPP multiple digital time correlator and laser goniometer system ALV/CGS-8F 
S/N 025 was used with a helium-neon laser (Uniphase 1145P, output power 22 mW, 
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wavelength λ= 632.8 nm) as the light source. The measuring temperatures varied from 25 to 
60 °C. The DLS experiments were carried out as at an angle of 90°. The concentration of the 
polymer in water, which has been previously filtered through 5 µm nylon filters, was 0.5 g/L. 
The samples were kept in 10 mm test tubes immersed in a toluene bath whose temperature 
was controlled to within ± 0.1 °C. 
5.2.6. Low-Pressure plasma immobilization 
 
The films of glycopolymers were immobilized using low pressure argon plasma. The Plasma 
treatment was carried out in a computer controlled MicroSys apparatus by Roth&Rau 
(Wüstenbrand, Germany). The cylindrical vacuum chamber, made of stainless steel, has a 
diameter of 350 mm and a height of 350 mm. The base pressure obtained with a 
turbomolecular pump was <10-7 mbar. On the top of the chamber a 2.46 GHz electron 
cyclotron resonance (ECR) plasma source RR160 by Roth&Rau with a diameter of 160 mm 
and a maximum power of 800W was mounted. Argon was introduced into the active volume 
of the plasma source via a gas flow control system. When the plasma source was on, the 
pressure was measured by a capacitive vacuum gauge. The samples were introduced by a 
load-lock-system and placed on a grounded aluminium holder near the centre of the chamber.  
The distance between the sample and the excitation volume of the plasma source was about 
200 mm. For the experiments in this work the following parameters were used: effective 
power = 120W, argon gas flow = 38 standard cm3.min-1, pressure = 8x10-3 mbar, treatment 
time between 4s and 10 s.  
5.2.7. Spectroscopic ellipsometry 
 
Ellipsometric measurements were performed using a variable angle multiwavelength 
ellipsometer M-2000VI (J.A. Woollam Co., Inc.). It is a Diode Array Rotating Compensator 
elipsometer (DARCETM) in polarizer-compensator-sample-analyzer configuration equipped 
with an automatic computer-controlled goniometer and a horizontally mounted sample stage. 
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The angle of incidence was set to 65°, 70° and 75° to measure the dry samples. The M-
2000VI measured 500 wavelengths simultaneously, covering the spectral range 370-1700 nm. 
Accurate measurements over the full ∆= 0-360°; Ψ = 0-90°C are possible. The ellipsometric 
data sets were used in fit procedures based on optical multi-layer models. 
For the temperature-depending swelling experiments in liquid medium, the samples were 
placed in a special glass cell with 68° as angle of incident. At the beginning, the samples were 
immersed in to deionized water at 22°C. Then the cell was heated till 50°C at the rate of 1.2 
K/min, and the ellipsometry data were collected subsequently in the visible spectral range 
400-800 nm. The same procedure has been followed for the cooling curve. Ttr was determined 
as the inflection point of the film thickness and reactive index versus temperature curve.   
5.2.8. Atomic Force Microscopy (AFM) 
 
The Atomic Force Microscopy (AFM) measurements were performed on films coated on 
silicon wafers as substrates in the tapping mode with a Dimension 3100 Nanoscope IV 
(Veeco, United States). A point probe silicon SPM sensor (Nanosensor, Germany) with a 
spring constant of approximately 3 N/m and a resonance frequency of approximately 75 KHz 
was used. The scanning conditions were chosen according to Maganov et al.219(free amplitude 
> 100 nm, set point amplitude ratio = 0.5) to obtain stiffness contrast in the phase image. This 
means that the bright features in the phase images are stiffer than the dark features. 
5.2.9. High Pressure Liquid Chromatography HPLC 
 
For amino acid analysis a HPLC system (Series 1100, Agilent Technologies, Böblingen, 
Germany) equipped with degasser, quaternary pump, auto-injector and fluorescence detector 
was used. Hydrolysed samples and amino acids standards were separated on a reversed phase 
HPLC column (ZORBAX, SB-C18 3.5 µm, 4.6x150 mm², Agilent Technologies, Böblingen, 
Germany) using a gradient. Quantification was accomplished using fluorescence detection at 
455 nm (emission) with excitation at 335 nm comparing the results to a standard amino acid 
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solution as reference. FN amounts were determined numerically from amino acid quantities as 
described elsewhere.197 
5.2.10. XPS 
 
XPS measurements were performed employing an Axis Ultra (Kratos Analytical, Manchester, 
England), equipped with a monochrome Al Kα (h⋅ν = 1486.6 eV) X-ray light source of 300 W 
at 15 kV. The kinetic energy of the photoelectrons was determined with a hemispheric 
analyzer with a pass energy of 160 eV for wide scan spectra and 20 eV for high-resolution 
spectra. The polymer films were mounted on a sample holder and introduced in a separate 
preparation chamber which was directly connected with the spectrometer. The chamber was 
quickly evacuated to a base pressure no higher than 2.7 × 10-8 mbar. Then the samples were 
transferred to the analysis chamber of the spectrometer where the spectra were recorded. 
During all measurements, electrostatic charging of the sample was avoided by means of a 
low-energy electron source working in combination with a magnetic immersion lens. All the 
recorded peaks were shifted by the same value which was necessary to set the C 1s peak of 
the saturated hydrocarbons to 285.0 eV.220 
The polymer surface was investigated by two different take-off angles Θ (0° and 60° 
corresponding to the information depths of 8 nm, 6 nm, and 2 nm). Here, Θ is defined as the 
angle between the sample surface normal and the optical axis of the photoelectron 
spectrometer. The resulting quantitative elemental compositions were determined from peak 
areas using experimentally determined sensitivity factors and the spectrometer transmission 
function. Spectrum background was subtracted according to the Shirley method.221 The high-
resolution spectra were deconvoluted by means of the Kratos spectra software. The 
parameters of the component peaks were their binding energy, height, full width at half 
maximum and the Gaussian-Lorentzian ratio. 
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5.3. Synthesis of monomers  
5.3.1. Synthesis of 3-O-Acryloyl-1,2:5,6-di-O-isopropylidene-α-
D-glucofuranoside (AIpGlc) 
AIpGlc was prepared by the method described by Ohno, Izu, Yamamoto, Miyamoto, 
Fukuda.142 Acryloyl chloride (4.80 ml, 0.0576 mol) was added dropwise at 0°C to a cold 
solution of 1',2':5',6'-di-O-isopropylidene-D-glucofuranose (5g, 
0.0192 mol) in dry acetone (20 ml) with triethylamine (7.7 ml, 
0.0576 mol). The mixture magnetically stirred for 1 h at 0°C and 
then for another 2 h at room temperature. The system was diluted 
with cold water (250 ml) and extracted three times with 
chloroform (200 ml). The combined extracts were dried over 
anhydrous magnesium sulfate. After the solvent was evacuated off, the crude product was 
purified by silica gel column chromatography (Kieselgel-60, 70-230 mesh) with ethyl 
acetate:hexane  (3:2) as eluent, to afford the product as an oily compound. Crystallization of 
that compound was induced in cold hexane to give a slightly yellow powder (1.88 g, 30%). 
 
1H NMR (500 MHz, CDCl3-d6): δ = 1.20-1.42 (s, 6H, 2 x CH3), 3.92, 4.15, 4.42, 5.23, 6.32 
(7H, sugar moiety), 5.78-6.03 (3H, three vinyl protons). 
 
5.3.2. Synthesis of 3-O-Methacryloyl-1,2:5,6-di-O-
isopropylidene-α-D-glucofuranoside (MAIpGlc) 
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3-O-Methacryloyl-1,2:5,6-di-O-isopropylidene-α-D-glucofuranoside (MAIpGlc) was 
prepared by the method described by Ohno, Tsujil, and Fukuda.139 To a solution of 1',2':5',6'-
di-O-isopropylidene-D-glucofuranose (10g, 38.4 mmol) in 50 ml of absolute pyride, 10 ml of 
methacrylic anhydride (67.1 mmol) was added dropwise at 65°C for 
4 h and for another1 h after the addition of 35 ml of water, being 
stirred magnetically. The system was allowed to get cool to room 
temperature overnight and then extracted three times with 50 ml of 
petroleum ether (boiling range, 30-70°C). The combined extracts 
were washed twice with 100 ml of 5% aqueous sodium hydroxide 
solution and three times with 60 ml of water and dried over 
anhydrous sodium sulfate. After evaporation of solvent, the crude product was purified by 
column chromatography with a 7:2:1 ethyl acetate:toluene:methanol mixture eluent to yield 
the final product as a colourless oil (7.77g ,62%). 
 
1H NMR (500 MHz, CDCl3-d6): δ = 1.30-1.53 (m, 12H, 2 x CH3), 1.95 (s, 3H, H3), 5.61 (s, 
1H, H1trans), 6.12 (s, 1H, H1cis),  4.05, 4.26, 4.53, 5.30, 5.88 (7H, sugar moiety). 
 
5.3.3. Synthesis of 3'-(1',2':5',6'-di-O-isopropylidene-α-D-
glucofuranosyl)-6-methacrylamido hexanoate (MAIpGlcC5) 
The monomer was synthesized in two steps. For the preparation of the spacer, methacrylic 
anhydride (94%) (7.44 ml, 0.05 mol) was dropped rapidly into a stirred mixture of 6-
aminohexanoic acid (6.55 g, 0.05 mol) and 12.5 mg hydroquinone in dry dichloromethane (25 
ml). The solution became clear within 2 hours and it took another hour for the completion of 
the reaction. After removing the solvent by vacuum distillation at room temperature, the oily 
residue was washed with ether, decanted and crystallized by adding small amounts of ether 
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and petrol ether while cooling. Then the product was dried in vacuum at room temperature to 
give 8.5 g of white solid (85%). In the second step, the synthesized C5 spacer 
(methacrylamido hexanoic acid) (0.81 g, 3.84 mmol), 
1',2':5',6'-di-O-isopropylidene-D-glucofuranose (1 g, 
3.84 mmol) and DPTS (0.053 g, 0.17 mmol) were dissolved 
in dry CH2Cl2 (15 ml). Then dicyclohexylcarbodiimide 
(DCC) (1.23 g, 4.72 mmol), which was separately dissolved 
in CH2Cl2 (5 ml), was immediately added to the mixture and 
stirred at room temperature for over night. Dicyclohexylurea 
(DHU), the side product of DCC, was removed by filtration. 
The filtrate was evaporated under reduced pressure to give a 
colorless syrup which was purified by column 
chromatography (Kieselgel-60, 70-230 mesh) with ethyl acetate:heptane (4 : 1) as eluent, to 
afford the product (0.76 g, 45%) as an oily compound.  
1H NMR (500 MHz, DMSO-d6): δ = 1.25 (s, 6H, 2 x CH3), 1.26 (m, 2H, H7), 1.32 (s, 3H, 
CH3), 1.43 (s, 3H, CH3), 1.44 (m, 2H, H6), 1.55 (m, 2H, H8), 1.84 (s, 3H, H1), 2.33 (m, 2H, 
H9), 3.08 (q, 2H, H5), 3.84 and 4.02 (2 dd, 2 x 1H, Hf), 4.14 (dd, 1H, Hd), 4.18 (m, 1H, He), 
4.52 (d, 1H, Hb), 5.04 (d, 1H, Ha), 5.29 (s, 1H, H3cis), 5.61 (s, 1H, H3trans), 5.89 (d, 1H, Hc), 
7.84 (t, 1H, NH). 
13C NMR (125 MHz, DMSO-d6): δ = 18.68 (C1), 24.08 (C8), 25.14 and 25.78 (2 x CH3), 
26.01 (C7), 26.47 and 26.48 (2 x CH3), 28.72 (C6), 33.43 (C9), 38.64 (C5), 66.10 (Cf), 72.07 
(Ce), 75.44 (Ca), 79.01 (Cd), 82.72 (Cb), 104.65 (Cc), 108.37 and 111.32 (2 x O-CMe2-O), 
118.59 (C3), 140.19 (C2), 167.38 (C4), 171.89 (C15). For atom numbering compare Figure 
3.1.1. 
Anal. Calcd (%) for C22H35NO8 (441.52): C, 59.85; H, 7.99; N, 3.17. Found C, 59.28; H, 
8.09; N, 2.59. 
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5.3.4. Synthesis of 3'-(1',2':5',6'-di-O-isopropylidene-α-D-
glucofuranosyl)-11-methacrylamido undecanoate (MAIpGlcC10) 
The synthesis of the monomer MAIpGlcC10 was carried out according to the method described for 
MAIpGlcC5 just using 11-aminoundecanoic acid to prepare the spacer. In the spacer preparation 
the same molar ratios were used as for MAIpGlcC5 and the same procedure was followed for 
purification (yield: 80-90%). Then, the prepared C10 spacer acid (2.27 g, 8.44 mmol), 1',2':5',6'-di-
O-isopropylidene-D-glucofuranose (2 g, 7.68 mmol) and DPTS (0.1062 g, 0.34 mmol) were 
dissolved in dry CH2Cl2 (25 ml), then DCC (1.95 g, 9.45 mmol) separately dissolved in CH2Cl2 (5 
ml) was immediately added to the mixture and stirred at room temperature for over night. The 
crude product was purified by column chromatography (Kieselgel-60,70-230 mesh) with ethyl 
acetate : heptane (3 : 2) as eluent. The final product was obtained in 50% yield (2.24 g).  
1H NMR (500 MHz, DMSO-d6): The chemical shifts are identical with those of MAIpGlcC5 
within ± 0.02 ppm except that H7 – H12 result in a common signal at 1.24 ppm. 
13C NMR (125 MHz, DMSO-d6): δ = 18.70 (C1), 24.36 (C13), 25.13 and 26.028 (2 x CH3), 
26.45 (C7), 26.47 and 26.56 (2 x CH3), 28.35, 28.68, 28.77, 28.83 and 28.94 (5 signals for C8 
– C12), 29.07 (C6), 33.50 (C14), 38.84 (C5), 66.14 (Cf), 72.05 (Ce), 75.40 (Ca), 79.03 (Cd), 
82.71 (Cb), 104.64 (Cc), 108.36 and 111.31 (2 x O-CMe2-O), 118.54 (C3), 140.22 (C2), 167.34 
(C4), 171.93 (C15). For atom numbering compare Figure 3.1.1. 
Anal. Calcd (%) for C27H45NO8 (511.65 g/mol): C, 63.38; H, 8.86; N, 2.74. Found C, 63.27; 
H, 8.83; N, 2.76. 
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5.4. Preparations of block and random copolymers 
5.4.1. Reversible Addition-Fragmentation Chain Transfer 
(RAFT) Polymerization of NIPAM 
RAFT polymerizations of NIPAM were carried out in different solvents and different molar 
ratios between CTA and monomer, following the method 
proposed by Savariar and Thayumanavan74 (see Table 3.1.3). 
A representative example (PN1) for RAFT polymerization of 
NIPAM is as follows: AIBN, (8 mg, 0.048 mmol), CIDB (16 
mg, 0.14 mmol), NIPAM (2.0 g, 17.674 mmol) and anisole 
(anhydrous; 1 ml), which is purged with nitrogen half an hour before use, were added to a dry 
reaction tube under nitrogen and degassed by freeze-pump-thaw cycles three times. The tube 
was placed in an oil bath at 95°C for 6 hour. After cooling down, the reaction mixture was 
dissolved in THF and precipitation is repeated in diethyl ether till no monomer residue is 
observed in 1H NMR. The obtained polymer was filtered and vacuum-dried over night (1.20 
g, 61 % yield).  
1H NMR (500 MHz, DMSO-d6): δ = 1.04 (H5), 1.2 – 1.75 (H1), 1.75 – 2.2 (H2), 3.84 (H4), 6.7 
– 7.8 (NH), 7.90 (ortho-H of dithiobenzoate end group). 
13C NMR (125 MHz, DMSO-d6): δ = 22.33 (C5), 33 - 39 (C1), 40.4 (C4), 41.5 (C2), 173.4 
(C3). For atom numbering compare Figure 3.1.6. 
5.4.2. Reversible Addition-Fragmentation Chain Transfer 
(RAFT) Polymerization of MAIpGlcC5,10 
The RAFT homopolymerizations of glycomonomers MAIpGlcC5,10 were carried out under  
different reaction conditions as given in Table 3.3.1. A representative example (G3) for this 
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process is as follows: Before adding the reaction components, the reaction tube was dried and 
the components were added to the tube under nitrogen. The reaction solvent dioxane was 
purged with nitrogen half an hour before use. MAIpGlcC5 (0.22 g, 0.50 mmol), CIDB (2.5 
mg, 0.0113 mmol) and AIBN (0.74 mg, 0.0045mmol) were added to the reaction tube and all 
the components were dissolved in 0.7 ml purged dioxane and degassed three times by freeze-
pump-thaw cycles. The tube was placed in an oil bath at 70°C 
for 49 h. During the reaction, the red colour of reaction mixture 
changed to orange or yellow. The obtained reaction mixture 
was precipitated in water, collected by filtration and dried in a 
vacuum oven. The product was obtained as a light yellow 
solid. 
PMAIpGlcC10 was synthesized by the same way. Under the 
described conditions, no full monomer conversion could be 
achieved. Complete purification of the protected polymers 
from the residual monomer was not possible even after 
repeated precipitation that compromises the NMR analysis. Thus, complete analysis of all 
sugar group containing polymers was done usually after deprotection (see below). 
Characteristic NMR signals of the 3'-(1',2':5',6'-di-O-isopropylidene-α-D-glucofuranosyl)-
alkanoate group (protected sugar) in the block and random copolymers:  
1H NMR (500 MHz, DMSO-d6): δ = 1.24 (s, 2 x CH3), 1.32 (s, CH3), 1.43 (s, CH3), 3.84 and 
4.01 (Hf), 4.14 (Hd), 4.16 116, 4.51 (Hb), 5.06 (Ha), 5.88 (Hc). 
13C NMR (125 MHz, DMSO-d6): δ = 25.13, 25.99, 26.44 and 26.54 (4 x CH3), 66.15 (Cf), 
72.06 (Ce), 75.40 (Ca), 79.02 (Cd), 82.75 (Cb), 104.63 (Cc), 108.37 and 111.32 (2 x O-CMe2-
O). For atom numbering compare Figure 3.1.6. 
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5.4.3. Deprotection of Protected Glycopolymers 
 
The isopropylidene protecting groups of protected glycopolymers were treated under mild 
acidic conditions. Two different methods were used to optimize the condition. As a first 
method a mixture of trifluoroacetic acid/water (9/1 v/v) was applied. 13C NMR reveals that 
deprotection is complete after half an hour, however, some unexpected peaks appear due to 
the cleavage of ester bond from the sugar part. For avoiding this effect, as second method the 
protected polymer (100mg) was dissolved in 80% 
formic acid (12 ml) and stirred for 48 h at room 
temperature, then 6 ml of water were added and the 
mixture was stirred for another 3h. Under those 
conditions, the deprotection was complete and 
almost no ester cleavage was observed by NMR. 
The final solution was dialyzed against distilled 
water for 3 days and concentrated under high 
vacuum. In the cases when MAIpGlcC10 was incorporated into the random and block 
copolymers, the resulting deprotected polymers were not soluble in water. In those cases 
dialysis was carried out against ethanol:water (2/8 v/v). 
NMR data after deprotection of PMAIpGlcC5 copolymers are shown below. The results for 
PMAIpGlcC10 are analogous. Characteristic NMR signals of the deprotected sugar units in the 
block and random copolymers:  
1H NMR (500 MHz, DMSO-d6 + few drops of TFA-d): δ = 0.80 and 0.94 (H8), 1.1 – 2.0 (H6), 
1.27 (H12), 1.39 (H11), 1.53 (H13), 2.30 (H14), 2.92 (H10), 3.06 (Hbβ), 3.2 – 3.35 (Hbα, Hdβ, Heα, 
Heβ), 3.47 and 3.67 (Hfβ), 3.49 and 3.60 (Hfα), 3.67 (Hdα), 4.40 (Hcβ), 4.78 (Haβ), 4.98 (Hcα), 
5.04 (Haα). 
13C NMR (125 MHz, DMSO-d6): δ = 16.2 and 17.7 (C8), 24.4 (C13), 26.2 (C12), 28.0 (C11), 
33.9 (C14), 39.3 (C10), 44.8, 45.3 and 45.8 (C7), 51 - 55 (C6), 60.91 (Cfα/β), 68.20 (Ceα/β), 70.38 
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(Cbα), 71.96 (Cdα), 72.80 (Cbβ), 75.46 (Caα), 76.52 (Cdβ), 77.82 (Caβ), 92.22 (Ccα), 96.84 (Ccβ), 
172.47 and 172.68 (C15α/β), 176 – 178 (C9). For atom numbering compare Figure 3.1.8. 
 
5.4.4. Synthesis of PNIPAM/PMAGlcC5 Random Copolymer 
 
Variations for the preparation of random glycocopolymers with NIPAM by RAFT are given 
in Table 3.1.4. RC3 is given as an example: NIPAM (0.12 g, 1.13 mmol), MAIpGlcC5 (0.5 g, 
1.13 mmol), CIDB (6.4 mg, 0.028 mmol) and AIBN (1.85 mg, 0.011mmol) were added to the 
reaction tube and all the components were dissolved in 1.5 ml purged dioxane and degassed 
three times by freeze-pump-thaw cycles. The tube was placed in an oil bath at 80°C for 20 
hours. The obtained reaction mixture was precipitated in water, collected by filtration and 
dried in a vacuum oven. The obtained product was deprotected by the above described 
process. Finally after lyophilization, a white solid resulted. The 1H NMR signal assignment is 
given in Figure 3.1.6. 
5.4.5. Block Copolymer Preparation 
 
For the purpose of block copolymer formation PNIPAM homopolymers synthesized by 
RAFT (PN1, PN2, PN3, PN6, see Table 3.1.3 and Table 3.1.5) were used as macro-chain 
transfer agents. Variations in composition and reaction conditions are given in Table 3.1.5. 
The work-up procedure varied. When the sugar content was around 50 mol-% or higher, the 
polymer could be precipitated into water. When the NIPAM content was higher than 50 mol-
% the polymer was precipitated in ether. 
5.4.5.1. Synthesis of PNIPAM-b-PAGlc Block Copolymer (BC2) 
 
AIpGlc (0.09 g, 0.29 mmol), PNIPAM (PN2, Mn = 13900 g/mol, 0.1 g, 0.0077 mmol) and 
AIBN (9.3 mg, 0.0056 mmol) were added to a dry reaction tube and all the components were  
dissolved in 0.5 ml purged DMF and degassed by freeze-pump-thaw cycles. The reaction 
mixture was placed in an oil bath at 100°C for 48 hours. Then the resulting product was 
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precipitated in ether, filtered off and dried under vacuum in an oven. Subsequently, removal 
of the isopropylidene protecting groups was achieved as described above. The NMR data after 
deprotection are given below (see also Figure 
3.1.8).  
1H NMR (500 MHz, D2O): δ = 1.16 (H5), 1.3 – 1.8 
(H1, H6), 1.8 – 2.3 (H2, H7), 3.44 (Hbβ), 3.62 (Heα, 
Heβ, Hdβ), 3.7 – 4.0 (Hbα, Hdα, Hfα, Hfβ), 3.91 (H4), 
4.76 (Hcβ), 5.01 (Haβ), 5.20 (Haα), 5.28 (Hcα), 7.3 – 
8.2(NH).13C NMR (125 MHz, D2O): δ = 24.0 (C5), 35 - 39 (C1), 44.2 (C4), 44.7 and 45.6 (C2), 
62.9 and 63.1 (Cfα/β), 70.4 (Ceα/β), 72.3 (Cbα), 73.9 (Cdα), 74.9 (Cbβ), 77.7 (Caα), 78.4 (Cdβ), 
79.5 (Caβ), 94.6(Ccα), 98.5(Ccβ), 177 - 178 (C3), 179 (C8); C6 and C7 not detected by 13C NMR 
because of too low signal intensity. 
5.4.5.2. Synthesis of PNIPAM-b-
PMAGlcC5 Block Copolymer (BC4) 
 
Following the same strategy, MAIpGlcC5 (0.23 g, 
0.52 mmol), PNIPAM (PN2, Mn = 13900 g/mol, 0.1 
g, 0.0077 mmol) and AIBN (0.93 mg, 0.0056mmol) 
were added to the reaction tube and all the 
components were dissolved in 1 ml purged dioxane 
and degassed by freeze-pump-thaw cycles. The 
reaction mixture was placed in an oil bath at 80°C for 3 days. The final product was 
precipitated in water and isolated by filtration. Subsequently, removal of the isopropylidene 
protecting groups was achieved as described above. NMR data after deprotection are the 
following (Figure 3.1.8) 
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1H NMR (500 MHz, D2O): δ = 0.94 and 1.09 (H8), 1.16 (H5), 1.39 (H12), 1.4 – 2.1 (H1, H2, 
H6), 1.53 (H11), 1.68 (H13), 2.51 (H14), 3.13 (H10), 3.42 (Hbβ), 3.59 (Heα, Heβ, Hdβ), 3.65 – 4.0 
(Hbα, Hdα, Hfα, Hfβ,
 
H4), 4.76 (Hcβ), 5.01 (Haβ), 5.21 (Haα), 5.29 (Hcα), 7.3 – 8.0(NH). 
13C NMR (125 MHz, D2O): δ = 18.8 and 20.5 (C8), 24.0 (C5), 26.59 (C13), 28.4 (C12), 29.9 
and 30.1 (C11), 36.37 (C14), 37 (C1), 42.5 (C10), 44.2 (C4), 44.7 and 45.6 (C2), 47.5 and 47.9 
(C7), 53 - 58 (C6), 62.99 and 63.14 (Cfα/β), 70.42 (Ceα/β), 72.38 (Cbα), 73.83 (Cdα), 74.95 (Cbβ), 
77.53 (Caα), 78.32 (Cdβ), 79.60 (Caβ), 94.57 (Ccα), 98.40 (Ccβ), 177 - 178 (C3), 178.49 and 
178.71 (C15α/β), 180 – 183 (C9).  
 
5.5. Thin polymer films on solid substrates 
5.5.1. Sample preparation 
 
Thin films of Teflon AF were prepared by spin coating on microscopy cover slips (24x24 
mm
2 
, Menzel Glaser) and on silicon wafers (15x20 mm2, Sico Wafer GmbH, oxide thickness 
30 nm, for elipsometry) which allows to form covalently bonded polymer thin film on it. For 
that purpose, the Teflon AF solution as received was further diluted using FC75 to obtain 1% 
wt/wt solution. After spin coating (3000 rpm, 3000 rpm/s, 30 s), the Teflon AF films with a 
thickness of about 20-30 nm were annealed for 10 min at 120°C. Subsequently, samples were 
pre-treated in argon plasma as described below for 120 s to obtain an appropriate wetting 
behaviour. This process has to be carried out just before applying the second polymer layer on 
that.  
Thin films of the block copolymers were prepared on the freshly hydrophilized Teflon AF 
substrate by spin coating (3000 rpm, 3000 rpm/s, 30 s), from a 0.5 % wt/wt solution in 
methanol (Fluka). During the preparation of the polymer layer no annealing procedure was 
followed to avoid decomposition of the glycopolymer. Stable covalent binding of the polymer 
films to the substrate was achieved by argon plasma immobilization. Before plasma treatment 
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a part of samples were masked to provide the contrast on surface. Subsequently the samples 
were rinsed with methanol three times to remove unbounded polymer. Finally the polymer 
films were thoroughly characterized with respect to film thickness, swelling behaviour, 
surface roughness, and chemical composition. 
5.5.2. Sulfation of polymer thin films on substrate 
 
After attaching the defined polymer to the solid substrate, and characterization of the polymer 
films by ellipsometry and AFM, the glycopolymer films were treated with and excess of 
sulfur trioxide (SO3)/trimethylamine (CH3)3N complex in DMF which resulted sulfated 
polymer on a substrate. The reaction glass tube was cleaned with chromosulfuric acid before 
using it for sulfation process. Basically the thin film coated substrate was inserted in a glass 
tube and 3 mL of 5% SO3-(CH3)3N solution in DMF were introduced into reaction tube and 
reaction has been carried out at 80°C for 4 h. Subsequently the sulfated sample has been 
washed in DMF three times and it followed by neutralization of the sample with 0.001 M 
NaOH. Finally the sample has been immersed in MiliQ water over night and dried with 
nitrogen.  
 
5.6. Protein and cell experiments on polymer coated 
substrate 
 
All the experiments with cells and proteins were carried on cover slips, for the surface 
characterization of these samples, silicon wafers have been used which are treated exactly the 
same way with the cover slips. Thus we were sure the polymer immobilization on the glass 
surface was successful and show the similar behaviour which observed from the silicon wafer. 
5.6.1. FN adsorption and HPLC based amino acid analysis 
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All glassware for amino acid analysis was cleaned with chromosulfuric acid before use. The 
polymer coated samples fixed in a home–built immobilization chamber to guarantee the 
contact of the protein solution with well-defined surface areas. A solution of 20 µg/ml FN in 
PBS was prepared. The samples were placed in 0.4 ml of this protein solution and left in room 
temperature for 1h. After rinsing three times with PBS and once with MiliQ, the FN-adsorbed 
carriers were subjected to vapour phase hydrolysis with 6N HCl (Fluka, Deisenhofen, 
Germany) + 1% Phenol (Microselect > 99.5%, Fluka, Deisenhofen, Germany) at 110°C for 24 
h under reduced pressure.197,198 Following hydrolysis the generated primary amines of the 
amino acids formed fluorescent isoindol derivatives with ortho-phthalaldehyde (OPA) (in 0.2 
M H3BO3 (99.5%, Sigma-Aldrich Chemie GmbH, Steinheim, Germany) pH 10.2 with 
mercaptoethanol (Sigma-Aldrich Chemie GmbH, Steinheim, Germany)) as described in 
literature.199 Subsequent amino acid analysis of the hydrolysed samples  was performed with a 
HPLC system. 
5.6.2. FGF adsorption on polymer film 
 
Quantification of the adsorbed FGF amount on the polymer surface has been determined by 
measuring the radioactivity. For this purpose a gamma-counter (UMo LB 123, Bertold 
Technology) was used to detect labelled-FGF (125I-FGF). Indeed a mixture of 125I-FGF and 
non labelled- FGF was applied to the surface in order to avoid high cost, hence 125I-FGF was 
used as 1-2 mol-% in PBS solution. All the polymer samples were incubated with the FGF 
solution in three different concentrations (2.5, 5, 10 µg/ml) at room temperature and 37°C. 
Two different experimental temperatures were applied for better understanding the role of the 
surface swelling and deswelling behaviour on FGF adsorption. Additionally it would give the 
chance to discuss the FGF release from the polymer surface depending on the temperature. 
Therefore many different experiments were carried out by varying the temperature and the 
FGF concentration.  
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All the samples were incubated one hour with FGF in PBS solution respect to their 
concentration and temperature. First measurements were done after removing the PBS 
solution and washing three times with PBS. Impulses per second (IPS) value were determined 
from the amount of adsorbed 125I-FGF on polymer surface. A calibration curve was drawn by 
using determined IPS values. Final concentrations of adsorbed FGF were obtained by 
considering IPS values, calibration curve and the amount of 125I-FGF. It is followed by 
stabilization of the samples at 37°C during 24 hours. Measurements data were collected after 
the 24 hours incubation time. Finally all the samples stabilized at room temperature during 48 
hours and final amount of FGF was determined by following the same procedure.  
5.6.3. Cell Cultivation 
 
Human umbilical vein endothelial cells (HUVECs) were collected according to the procedure 
suggested by Weis et al.218 and grown to confluence in endothelial cell growth medium 
ECGM (Promocell, Heidelberg, Germany) without any other supplement. Endothelial cell 
types were cultivated on sulfated and nonsulfated polymer as follows. 
a) FN(-), FGF(-) cultivation: The samples were rinsed in PBS at 37°C for 1 hour. For 
cell culture medium no supplement (no FGF, no serum) were used. PBS were changed with 
cell culture medium 30 min. before cell  seeding (generally 4x104 cell, unless any other data is 
given). It was then incubated in an atmosphere of 5% CO2 and 95% air at 37°C in a 
humidified incubator. During the experiments the medium was replaced every 2-3 days. Cell 
proliferation was followed by phase contrast microscope (Olympus IX50). 
b) FGF(+), FN(-) cultivation: Both sulfated and nonsulfated samples were rinsed in PBS 
at 37°C for 1 hour. After removing the PBS at 37°C, samples were pre incubated with bFGF 
(2,5 µg/ml) for 30min. It is followed by removing the bFGF solution and washing twice with 
PBS at 37°C. Before cell cultivation, cell medium (no supplement) have been introduced and 
finally cells (4x104 ) cultivated by following common procedure  
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c) FGF(-), FN(+) cultivation: Similar to the other procedures after rinsing in PBS at 
37°C, samples were preincubated in FN (20 µg/ml) solution for 30 min. After rinsing twice 
with PBS at 37°C , samples were let in cell culture medium (no supplement) for 30 min. 
Finally cell cultivation was followed as before. 
In antibody blocking experiments the HPC were analyzed regarding affinity (binding sites) to 
the glycopolymer surface. For this purpose Human HPC from healthy volunteers were 
mobilized. In all experiments cells were cultivated in an atmosphere of 5% CO2 at 37°C in a 
humidified incubator. ECGM has been used with both cell types as growth medium. Cell 
adhesion on sulfated and nonsulfated polymer surface was tested by blocking CD62L 
(Dreg56, from Becton Dickinson, Heidelberg, Germany) and non-blocking IgG (BD 
Pharmigen) antibodies.  
Antibody incubation was done in suspension prior to cultivation. The cells were portioned in a 
sterile 2 ml Eppendorf tubes, centrifuged, and after removing the supernatant the antibody 
concentration was arranged to 8µg/ml in the cell pellet volume. After incubation for 30 min 
under cell culture conditions 500µl Cell Growth medium were added and non-bound antibody 
was removed by centrifugation. Finally after one day cultivation time, cell adhesion and was 
followed by phase contrast microscope (Olympus IX50) by taking repeating pictures which 
would allow us to separate adherence and non-adherence cells. 
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